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This executed Declaration was originally submitted in support of the Response of 
March 17, 2005 submitted in reply to the Office Action of December 17, 2004, but which 
was not entered, and is thus now re^submitted in support of the Response to the Advisory 
Action of April 11, 2005. Therefore, in support of the Response to the Office Action of 
December 17, 2004 and the Advisory Action of April 11, 2005, I hereby declare as 



J. My name is Nissim Benvenisty, M,D., Ph.D. I am a Professor at The Hebrew 
University in Jerusalem, Israel, in the Department of Genetics. I was formerly the Vice 
Chair of the lastitute of Life Sciences at The Hebrew University, and have been a visiting 
Professor in the Department of Genetics at Harvard University in Boston, MA, among 
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Commissioner for Patents 




Dear Sir: 



follows: 
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Other positions. I have been awarded numerous prizes and fellowships, including the 
Teva Prize for excellent research in stem cells in 2003, the Herbert Cohn Chair in Cancer 
Research during 1999, the Rom Prize in Genetics in 1998, a Howard Hughes 
Postdoctoral Fellowship from 1991-1993, and a Fulbright Postdoctoral Fellowship from 
1990-1 991 . I have published extensively in the field of stem cell research, and other 
areas, with over 65 publications, to date. I am also an inventor or co-inventor of a 
substantial nimiber of patents involving (among other things) human embryonic stem cell 
research, and I am the sole inventor of the invention claimed in the current application. 
My further credentials are set forth in my Curriculum Vitae, which is attached hereto as 
Exhibit A. 

2. I have read the action of December 17, 2004. This declaration is provided to 
distinguish, on a technical level, why the claims in the above-referenced application as 
novel and non-obvious relative to the prior art references cited in the Office Action. This 
declaration is also provided to show that all of the pending claims for directing 
dijfferentiation to specific cell types are enabled, by citing additional publications which 
rely on my protocols for preparing human embryoid bodies to direct differentiation of 
human embryonic cells into functional specific cell types. 
Consideration of the Prior Art 

5. The Examiner rejected claims 8, 9, 1 1, 12, 60 and 65 under 35 U.S.C. 103(a) as 
being unpatentable over Thomson et al. (1998) in view of Shamblott et al. (1998) and 
further in view of Yuen et al. (1998). As discussed in the March 3, 2005 interview, 
Thomson never satisfactorily verified that the human ES cell lines that were generated 
"maintained the potential to form derivatives of all three embryonic germ layers" (see 
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Thomson p. 1 146, column, lines 30-32), because he relied on evidence of teratomas 
generated in SCID mice injected with said cell lines {id., p. 1 147, Hgure 4) to conclude 
that his cells actually were pluripotent human ES cells. As pointed out by Shamblott on 
the first page of the cited reference (see Shamblott, p. 13726, col. 2) "ES and EG cells 
from some species can form teratocarcinomas when injected into histocompatible or 
immunologically comprised mice. This property alone may not be a definitive test of 
stem cell pluripotency, as it has been demonstrated that rat and mouse visceral (yolk sac) 
endoderm are capable of forming highly differentiated teratomas containing cells of all 
three embryonic germ layers/' Nonetheless, assuming Thomson's cells actually are 
pluripotent hES cells, if one starts with Thomson's cells, and tries to *q)ply the methods 
of Shamblott for hEG cells to form hEBs, and then use mouse protocols such as Yuen et 
al. to direct differentiation, one will not get the results we have seen, not would one in the 
art even combine these technologies. 

4, As already presented in my declaration of September 20, 2004 (Declaration 1) the 
human EG cells in Shamblott are very different fi-om hES cells, with respect to many 
features- Any cell line deriving from hEG cells will be dissimilar from cell lines derived 
from hES cells. More importantly, my methods for forming h£Bs and directing 
differentiation of human embryonic cells derived from those hEBs require dissociation of 
the hES cells initially used, followed by aggregation to hEBs, followed by additional 
dissociation of the hEBs to obtain dissociated human embryonic cells that can be treated 
with various factors to direct differentiation. 

5. As acknowledged in a News Focus in Science magazine (Vogel, G., (2002) Science, 
Vol. 295, pp. 1818-1820 - see Exhibit D of Declaration 1) under a section entitled 
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*Tundamental Firsts", my achievements of both embryoid bodies fonnation and directed 
differentiation of human ES cells aie highlighted (see p. 1819, column 2, first full 
paragraph ('Their first project was to test whether human ES cells, like those from mice, 
can form embryoid bodies. Initial studies by Thomson's group suggested they 
didn't.. But by learning how to grow the cells suspended in liqtiid . . . [they] found that 
they could." 

& Without the ability to start with actual pluripotent human ES cells, dissociate the 
hES cells and allow them to aggregate and form true human EBs» and then dissociate the 
hEBs into dissociated human embryonic cells, one would never be able to look to Yuen et 
al. and mouse protocols for directing differentiation of the dissociated EB-derived human 
embryonic cells. 

7. Later in the same section of the News Focus article in Science, my laboratory is 
credited with other firsts, verifying that I was first to successfully produce human 
differentiated ES cells. See last line of column 2 through column 3, line 10 - 
"Benvenisty and company scored several other firsts. In October 2000 the team ... 
published the first paper on how growth factors . , . prompt human ES c^s to mature into 
different types.") 

8. Moreover, Shamblott admits that their EB-like aggregates formed from human EG 
cells cannot be sufficiently dissociated after aggregating to form the EB-like bodies (see 
Shamblott et al., p. 13729 col. 1, para. 1 and coL 2, para.4 - "Alternative disaggregation 
enzymes are currently under investigation*' because trypsinyEDTA is not effective, a step 
essential for directing differentiation into specific cell types.) This second dissociation 
step is essential for directing differentiation of human embryonic cells derived from 
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hEBs. For these reasons, it was not obvious to produce differentiated cells from human 
EBs and the establishment of embryoid bodies from human ES cells may be considered a 
new and not obvious technology since it was developed at a time when all the research 
reported that such technology was not possible (Reubinoff et al> 2000). As stated in 
Declaration 1, when I attended a conference in 2001 and presented my results showing 
human embryoid body formation from human ES cells and subsequent directed 
differentiation of the human embryonic cells, and many experts in the field simply did 
not believe me (including Reubinoff), questioning my results intensely. Therefore, the 
combination of Thomson, Shamblott and Yuen would never be made by $omeone on the 
field trying to form tme human EBs and then dissociate them to dissociated human 
embryonic cells that can be treated with various factors to direct differentiation. And 
even if such a combination were attempted, it would not be successftil. 
P. With respect to enablement for the specific differentiated cell types claimed, and 
whether our methods for directing differentiation lead to functional cells, I have provided, 
with this declaration, several articles (see Exhibits B-E, attached hereto) -published by 
others in the field using my methodologies for forming hEBs and then directing their 
differentiation into functional cells. These article support our pending claims for 
directing differentiation of human embryonic cells derived from hEBs into specific cell 
types wherein the differentiated cells so obtained are functional. The results by these 
other researchers show that someone in the field who uses the methodologies we claim in 
the instant application obtain differentiated cells that are functional- Therefore, our 
methods and claims are enabled for directing differentiation into specific cell types. 
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10. For example. Carpenter et al, (Exp Neurol (2001) 172:383-397, "Enrichment of 
Neurons and Neural Precursors from Human Embryonic Stem Cells"- anached hereto as 
Exhibit B) used undifferentiated hES cells (HI, H7 and H9 cells) to produce human EBs 
using a protocol nearly identical to mine, and then directed differentiation of dissociated 
ES from the EBs using retinoic acid followed by culturing in differentiation medium 
(containing human neurotrophin-3 (hNT-3) and hunjan brain-derived neurotrophic factor 
(hBDNF)). Analysis indicated that the resulting differentiated hES cell-derived neurons 
could synthesize neurotransmitters, respond to neurotransmitters, make synapses, and 
generate electrical activity (see pp. 390-392 and Figs. 3-7). 

11. In addition, Kehat et al {J Clin Invest (2001) 10S(3):407-414 "Human embryonic 
stem cells can differentiate into myocytes with structural and functional properties of 
cardiomyocytes" - attached hereto as Exhibit C) cite and follow my protocols for both 
formation of human EBs from hES cells (reference 12 - Itskoviiz-Eldor et al. - in Kehat et 
al.) and directed differentiation (reference 13 - Schulbinder et al - in Kehat et al.) (see 
coL 1, p, 408 of Kehai et al.). Kehat et al. show in this paper that hES cell-derived 
differentiated myocytes form spontaneously contracting areas (see pp, 410 — 412, Figs, 
lb, and 3-6) 

12. Following this initial smdy, Kehat et al. showed that hES cell-derived 
cardiomyocytes were able to form structural and electromechanical connections with 
cultured ral cardiomyocytes (see Kehat et al., Nature Biotech (2004) 22(10): 1282-1289 
'TElectromiechanical integration of cardiomyocytes derived from human embryonic stem 
cells" - attached hereto a^ Exhibit D) The two Kehat papers rely on my previous 
pubhshed procedures for generating EBs from hES cells and directing differentiation of 
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dissociated hES cells, and verify that using my differentiation procedures, functional 
myocytes, particularly cardioxnyocytes, are foimed." 

13. Finally, Assady et al. {Diabetes (2001) SO: 1691-1697 "Insulin Production by 
Human Embryonic Stem Cells" - attached hereto as Exhibit E) cite my protocols as 
references 16 and 19 and use my protocols to generate EEs (see "Research Design and 
Methods," p. 1692 of Assady - ref. 19 - for production of EBs). Assady et al. 
specifically cite my PNAS paper, one of the publications that forms the basis of this 
application, as having used RT-PCR to detect a wide variety of differentiated cell 
markers, including insulin (see Assady et al., p, 1691, coL 1). Assady et al. then use 
protocols I developed for generating EBs from hES cells (id,, p. 1692, col. 2) and verify 
that one can direct differentiation of hES cells after forming EBs into human pancreatic 
cells that are functional, as verified by their ability to secrete insulin, and are probably 
also glucose responsive (although that could not be absolutely confirmed because of the 
experimental parameters.) 

14. Therefore, based on our specification and disclosed protocols, and supported by 
other researchers using my protocols to direct differentiation of human embryonic ceDs 
derived from hEBs into functional specific cell types, which confirm that the protocols 
disclosed in the present application, if followed, will in fact lead to functional 
differentiated cells, I believe that our methods and claims for directing differentiation of 
human embryonic cells into specific cell types are fully enabled, 

15. I hereby declare that all statements made herein are of my own knowledge and that 
all statements made on information and belief are true; and further that these statements 
are being made with the knowledge that willful false statements and the like so made are 
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p^shable.yflnco..mpHso^entorbo^u.derSec.io.l001 o.TUl. IS of the United 
States C<Kie and tMt such wiimdf.lse.tatemeatsn..yjeopax.i.c the ^ 

appUcBtioti or aoy patent issued thereon. 




Benvenisty.^D., PbO. 

Dated; March jM,^ 2005 
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Exhibits: 

A - Cuiriculum Vitae of Nissim Benvenisty, M.D., Ph,D, 

B - Carpenter et al„ Exp Neurol (2001) 172:383-397, "Enrichment of Neurons and Neural 
Precursors from Human Embryonic Stem Cells." 

C - Kehat et al., J Clin Invest (2001) 108(3):407-414 "Human embryonic stem cells can 
differentiate into myocjrtes with structural and functional properties of cardiomyocjrtes. 
D - Kehat et al.. Nature Biotech (2004) 22(10): 1282-1289 ''Electromechanical 
integration of cardiomyocytes derived from human embryonic stem cells." 
E - Assady et al.. Diabetes (2001) 50:1691-1697 'Insulin Production by Human 
Embryonic Stem Cells." 



9 



PAGE 31/8r RCVD AT 5/17/2005 10:38:00 PM [Eastern Dayli^^^ 



05/17/2005 22:43 FAX 6174430004 



Bromberg and Sunstein 



(2)032 



NISSIMBENVENISTY 

CURRICULUM VITAE 

Pate and Place of Birth : 9 .10,1958; Israel. 
Marital Status : Married + 3. 
Education : 

1983 Faculty of Medicine, Hebrew University. 

1986 Ph.D. Department of Developmental Biochemistry, 

Hadassah Medical School^ Hebrew University. 

Employment and Related Training : 



2002- 
2002-2003 

1999-2000 
1998-2002 
1993-1998 
1990-1993 

1986-1990 
1983-1986 

1985 



Professor, Department of Genetics, 

The Hebrew University^ Jerusalem, Israel. 

Head of Biology Teaching and 
Vice Chair, Institute of Life Sciences 
The Hebrew University, Jerusalem, Israel 

Visiting Professor, Department of Genetics, 
Harvard University, Boston, USA 

• Associate Professor, Department of Genetics, 
The Hebrew University, Jerusalem, Israel. 

Senior Lecturer, Department of Genetics, The Hebrew 
University, Jerusalem, Israel. 

Research Fellow, Department of Genetics, 
Harvard Medical School, Boston, USA. 
Under supervision of Professor Philip Leder. 

Israeli Army Medical Service. 

Graduate Student, Department of Developmental 
Biochemistry, The Hebrew University, Jerusalem, Israel, 

Research Associate, Case Western Reserve University, 
Cleveland, USA. 
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1983-1984 Internship, Hadassah Hospital, Jerusalem, Israel. 

1982-1985 Teaching biochemistry and molecular biology to 

medical students at The Hebrew University. 
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Awards and Fellowships : 



1981 
1982 

1982-1985 
1985 

1988 

1990-1991 

1990- 1991 

1991- 1993 
1993-1996 
1994 

1995-1998 
1995 
1996 
1997 

1998 
1999 

1999-2000 
2003 



Awarded the Faculty Prize. 

Awarded a FeDowship at the Mount Sinai Hospital, 
New York - Program for outstanding students. 

Foulkes Foiindation Fellowship. 

Best Teacher Award for teaching biochemistry 
and molecular biology. 

Awarded the Senta Foulkes Prize (London). 

Awarded the Weizmann Postdoctoral Fellowship. 

Awarded the Fulbright Postdoctoral Fellowship. 

Awarded the Howard Hughes Postdoctoral Fellowship. 

Awarded the Alon Fellowship. 

Hie Joseph H. and BeUe R. Braun Senior Lectureship in 
Life Sciences- 
Awarded Best Teacher in Genetics- 
Awarded the Hebrew University Prize for Young Scientist. 
Awarded the NaftaU Prize. 

Awarded the Hestria Prize in Biochemistry and 
Molecular Biology. 

Awarded the Rom Prize in Genetics 

The Herbert Cohn Chair in Cancer Research 

Awarded the Yamagiwa-Yoshida Memorial International 
Cancer Study Fellowship. 

Awarded the Teva Prize for excellent research in stem cells 
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2. Mencher, D., Cohen, H., Benvenisty, N., Meyuhas, O. and Reshef, L. : 
Primary activation of c5rtosolic phosphoenolpyruvate carboxykinase 
gene in fetal liver and ihe biogenesis of its mRNA. Eur. L Biochem. 
141: 199-203 (1984). 

3. Benvenisty, N., Cohen^ H., Gidoni, B., Mencher, D-, Meyuhas, O., 
Shouval, D- and Reshef, L. : Insulin deficient diabetes in the perinatal 
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carboxykinase. In : Lessons from Animal Diabetes. E. Shafrir and A.E. 
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the methylation pattern, chromatin conformation and expression of 
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11. Benvenisty, N. and Reshef, L.: Developmental expression and 
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18. Brandes, R., Arad, K, Benvenisty, N, Weil, S, and Bar-Tana, J, : The 
induction of adipose conversion by bezafibrate in 3T3-L1. Synergism 
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Human embryonic stem (hES) cells proliferate and 
maintain their pluripotency for over a year in vitro (M. 
Amit, M. K. Carpenter* S. Inokuma. C» P. Chiu, C 
Harris, M. A. Waknitz, J. Itskovitz-£ldor, and J. A. 
Thomson. 2000* Dev* BioL 227: 271-278) and may there- 
fore, provide a cell source for cell therapies. hES cells 
were maintained for over 6 months in. vitro (over 100 
population doublings) before their ability to diCTerein- 
Uate into the neural lineage was evaluated. Differen- 
tiation was induced by the formation of embiyoid bod- 
ies that were subsequently plated onto appropriate 
substrates in defined medium containing nutogens. 
These populations contained cells that showed posi- 
tive immunoreactivlty to nestln, polyslalylated neural 
cell adhesion molecule (PS-NCAM) and A2B5. After 
further maturation, these cells expressed additional 
neuron^specific antigens (such as MAP-2, synaptophy- 
sin, and various neurotransmitters). Calcium Imaging 
demonstrated that these cells responded to neuro- 
transmitter application. Electrophysiological analy- 
ses showed that cell membranes contained voltage- 
dependent channels and that action potentials were 
triggered by current injection. FS-NCAM and A2B5 
immunoselection or culture conditions could be used 
to produce emiched populations (60-90%) wlilch 
could be further difTerentiated into mature neurons. 
The properties of the hES-derived prcigenltors and 
neurons were found to be similar to those of cells 
derived from primary tissue. These data indicate that 
hES cells could provide a cell source for the neural 
progenitor cells and mature neurons for therapeutic 

and tOXiCOlOgical uses. « 2001 Ets«vt«r Sctence 

Key Words: embryonic stem cells; NRPs; GRPs: dif- 
ferentiation; development; progenitor cells; stem cells. 
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INTRODUCTION 

Neural development involves sequential and pro- 
gressive restriction in cell fate. As development 
progresses, neural stem cells generate more restricted 
neuronal and glial precursors that ultimately generate 
differentiated neurons, astrocytes, and oligodendro- 
cytes (reviewed in 13, 20, 26). Multiple classes of mu- 
rine precursor cells have been identified » character- 
ized, and maintained in culture (15. 28, Z9). Human 
versions of these cells have been isolated and shown to 
be similar, though not identical, to their rodent coun- 
terparts (6, 30, 32). 

One of the significant challenges in this work is the 
acquisition of sufficient quantities of human neural 
cells for both basic and applied research. Primaty cells 
can be propagated by serially passaging dividing hu- 
man precursors (6, 30, 32), and while little is known 
about the long-term effects of cell culture, at least some 
data suggest that after prolonged culture the differen- 
tiation potenaal is limited (12, 25). 

An alternative to using fetal tissue or progenitor 
cells is to use a naturally immortal stem cell, the em- 
bryonic stem (£S) cell. In addition to being immortalp 
murine ES cell lines have been shown to be totipotent 
(9, 18). Several recent reports (27, 31) have described 
the generation of human ES (hES) cell lines. The hES 
cells express telomerase (2), an enzyme demonstrated 
to immortalize cells in culture without inducing malig- 
nant transformation (4, 14). These h£S cell lines have 
been maintained in continuous culture for over a year 
(over 250 population doublings) and retain their dip- 
loid status and the ability to differentiate into cells of 
the ectodermal, endodermal, and mesodermal lineages 
(2). hES cells, therefore, may provide a potentially 
unlimited source of precursor cells for transplantation 
applications. 

Several groups have devised paradigms to bias dif- 
ferentiation of mouse ES cells by manipulating culture 
conditions. Bain et al, (3) for example described a 
method of aggregation and retlnoic acid treatment 

i 00]4-4886^1 $35.00 
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where as mamy as 40% of the total differentiated pop- 
ulation consisted of neurons. Okabe ee aL (22) used 
specific culture conditions to isolate a relatively homog- 
enous population of nestin-immunoreactive neural 
stem cells, while Mujtaba et al. (21) used cell surface 
markers A2B5 and polysialylated neural cell adhesion 
molecule (PS-NCAM) to isolate neural and glial pre- 
cursors from differentiating ES cell cultures. 

In this report we describe a protocol for biasing hu- 
man ES cell differentiation to generate neural deriva- 
tives. We show that neurons obtained in culture can 
mature, synthesize neurotransmitters, respond to neu- 
rotransmitters and are electrically active. We show 
that differentiation is preceded by the generation of 
neural precursors that can be selectively purified from 
other cells by magnetic bead sorting. Ftuthermore, the 
hES-derived neural precursors and neurons appear to 
have similar characteristics to cells derived from pri- 
mary fetal spinal cord tissues. 

MATERIALS AND METHODS 

Substr&te Preparation 

Fibronectin (Sigma) was diluted to a concentration of 
20 ^g/ml in distilled water (Sigma). The fibronectin 
solution was applied to tissue culture dishes for a min- 
imum of 4 h. Lamlnin (Sigma) * used at a concentration 
of 20 fx^ml, was dissolved in DPBS (Dulbecco's phos- 
phate-buffered saline, Gibco-BRL). In some case plates 
were precoated with poly-L-lysine (30-70 kDa) (Sigma 
Inc.). Poly-L-lysine was dissolved in distilled water 



(13.3 Mg^nil) and applied to tissue culture plates for an 
hour. Excess poly-L-lysine was Mdthdrawn and the 
plates were washed once with sterile water and al- 
lowed to air dry- Poly-t-lysine plates were then coated 
with FN solution and/or laminin as described above. 
Matrigei (Becton-Dickinson, Bedford. MA) was diluted 
1 :30 in cold Knockout DMEM (KO-DMEM) (Gibco) and 
coating was performed sxcording to manufacturer's in- 
structions. Plates were incubated at 4'*C for at least 
overnight or at room temperature for 1 h. 

Human ES Cell Culture 

Male (HI) and female (H7 and Hd) hES cell lines (31) 
were maintained as previously described (33), Briefly, 
ctiltures were maintained on Matrigei in MEF-condi- 
tioned medium {CM}. CM was generated from hES ceU 
medium (ESM) composed of 80% Knockout DMEM 
(Gibco). 20% Knockout Serum Replacement (Gibco), 
0.1 mM ^-mercaptoethanol. 1 mM glutamine, and 1% 
nonessential amino adds, supplemented with 4 ng/ml 
hbFGF (Cibco). Cultures were passaged by incubation 
in 200 units/ml coUagenase IV (Gibco) for about 5-10 
min at 37 'C and then gently dissociated into smaU 
clusters in CM. Cells were passaged about once every 
week. Conditioned medium was generated from MEP 
(primary mouse embryonic fibroblasts), collected daily, 
and used immediately for feeding hES cultures. Before 
addition to the hES cultures this conditioned medium 
was supplemented with an additional 4 ng/ml of 
hbFGF (Gibco), Cells for generating CM were refed 
with ESM dally and used for 7-10 days. 
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Differentiation ofhES Cells 

Embyroid bodies (EBs) were formed by harvesting 
undifferentiated ES cultures by incubation with 200 
U/itil coUagenase at 37°C for 5-10 min. Cells were 
gently scraped from the dish and resuspended in ul- 
treJow attachment polystyrene plates (Coming) in me- 
dium composed of KO-DMEM, 20% FBS, 1% nonessen- 
tial amino acids, 1 mM glutamine, and 0.1 mM 3-mer- 
captoethanoL In some experiments, 10 pM oil-trans 
retinoic add iPA} was added to the EBs in suspension. 
After 4 days in suspension. EBs were plated onto poly* 
L-lysine/fibronectin-coated plates in proliferation me- 
dium composed of DMEM/F-12 with B27 and N2 sup- 
plements (Gibco) and 10 ng/ml human epidermal 
growth factor (hEGF), 10 ng/ml human basic fibroblast 
growth factor (hbFGF) (Gibco), 1 ng/ml human plate- 
let-derived growth Cactor-AA (hPDGF-AA) (R&D Sys- 
tems), and 1 ng/ml human insulin-like growth factor-1 
(hIGF-1) (R&D Systems). After 3 days under these 
conditions, the cells were harvested with trypsin and 
replated in differentiation medium composed of Neu- 
robasal medium (Gibco) supplemented with B27, 10 
ng/ml human neurotrophln-3 (hNT-3) (R&D Sys- 
tems), and 10 ng/ml human brain-derived neurotrophic 
factor (hBDNF) (R&D Systems). These cultures were 
fed three times per week and fixed after 14-16 days. 

Primary Cell CuJcure 

Human cells (12-20 weeks gestation) obtained from 
Clonetics were crypsinized for 3 min, neutralized with 
1096 serum-containing medium, centrifuged, and re- 
suspended in NEP basal medium containing hbFGF. 
Cells were gently triturated with a fire-polished plpet 
to a single-cell suspension. The dissociated cells were 
plated at a density of 2000-5000 cells per 12- or 18-mm 
poly-L-lysine/laminin-coated glass coverslip or 35-mm 
poly-L-lysine/lamlnin-coated tissue culture dish. The 
NEP basal medium (15) used in all experiments con- 
sisted of DMEM/F-12(GIBC0) supplemented with N2, 
hbFGF (25 ng/ml). and 10 ng/ml NT-3. Differentiation 
was induced by reducing concentrations of hbFGF to 10 
ng/ml and adding 1 fiM RA and 10 ng/ml bone morpho- 
genic protein. Cells kept under these conditions for 
over 14 days v\rere considered differentiated. 

Flow Cytometry 

Cells were dissociated in 0.5 mM EDTA in PBS and 
resuspended to about 5 x 10^ cells in 50 pi diluent 
containing 0.1% BSA in PBS. For analyzing surface 
marker expression, cells were incubated with mouse 
primary antibodies (PS-NCAM) (1:1) and A2B5 (1:1) 
(Developmental Studies Hybridoma Bank, University 
pf Iowa. Iowa City. lA) diluted in the diluent at 37''C for 
30 min. After washing with the diluent, cells were 
incubated with FE-conJugated rat anti-mouse K-chain 



antibodies (Becton-Dicki'Wn, San Jose, CA) at 4°C for 
30 min. Cells were washed and analyzed on FACS 
Calibur flow cytometer (Becton-Dickinson» San Jose, 
CA) using CellCJuest software. 

Immunocytochemistry 

For surface markers, cells were incubated with pri- 
mary antibodies [stage-specific embryonic antigen-4 
(SSEA-4) (1:20). A2B5 (1:1), PS-NCAM (1:1) (Develop^ 
mental Hybridoma Bank), and Tra 1-81 (1:80) (a gm 
Erom Dr, Peter Andrews)] diluted In KO-DMEM sup- 
plemented with 1% goat serum at 37'C for 30 min. 
After washing with PBS, cells were incubated with the 
FITC-conjugated goat anti-mouse IgG (1:150) (Pharm- 
ingen) or Texas Red-conjugated goat anti-mouse IgM 
(1:150) (Jackson) at 37'C for 30 min. Cells were then 
washed \rtth warm KO-DMEM and fixed in 4% para- 
formaldehyde for 15 min, washed, stained with DAPI. 
and mounted. 

For other immunocytochemistry. cells were fixed in 
4% paraformaldehyde at RT for 20 min followed by 
permeabilizadon for 2 min in 100% ethanol. After fix- 
ation, cells were washed 2x with PBS, blocked with 
10% normal goat serum in PBS at RT for 2 h or at 4*C 
overnight, followed by incubation at RT for 2 h with a 
primary antibody in PBS- After washing, cells were 
incubated with appropriate secondaiy antibodies in 
PBS containing 1% normal goat serwn at RT for 30 
min. Cells were then washed in PBS, stained with 
DAPI, and mounted. Antibodies included jS-tubulin III 
(1:1000, Sigma), GABA (1:200, Sigma), glial fibrillary 
acidic protein (GFAP) (1:500. DAKO), microtubule-as- 
sociated protein-2 (MAP-2) (1:500, Boehringer), CD-44 
(1:100. Accurate), muscle-specific actin (1:50, Dako), 
neurofilament (1:1000, Stemberger), synaptophysin (1: 
10, Boehringer), tyrosine hydroxylase (1:200« Chemicon). 
human-spedfic NCAM (1:200, Chemicon). Texas Red- or 
FITC-conjugated goat anti-rabbit (1:150, Jackson), and 
Texas Red- or FTTC-conJugated goat anti-mouse (1:150. 
Pharmingen). Antibodies to glutamate and glycine were 
obtained from Signature Immunologicals and used ac- 
cording to manufacturer's recommendations. 

BrdU Incorporation 

To assess proliferation of neurenal precursor ceUs. 
5-bromo-2'deo)^uridine (BrdU. Sigma) at a concentra- 
tion of 10 /iM was added to the cells for 24 h. Cells were 
then fixed with 2% paraformaldehyde for 15 min at 
room temperature followed by 95% methanol for 30 
min at "20'C. Cells were then washed 3X with PBS 
and 5% goat senjm and permeabilized with 2 N HCl for 
10 min. Acid was removed by washing 3X with PBS 
and 5% goat serum and the residual HCI was neutral- 
ized with 0.1 M sodium borate (Sigma) for 10 min. 
After rinsing with PBS. cells were incubated with anti- 
BrdU antibody (Caltag, 1:200) for 30 min at room tem- 
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perature in PBS with 5% goat serum £^itl^0.5% Triton 
X-100. Cells were then incubated with Texas Red- or 
FITC-conjugated goat anti-mouse antibody (Jackson, 
1:150) for 30 min, washed, and counterstained with 
DAPI before mounting. 

Magnetic Bead Sorting 

Cells were harvested by incubation with trypsin/ 
EDTA, resuspended in PBS with 0.5% BSA and 2 mM 
EDTA (MACs buffer), and incubated with primary an- 
tibody for 6-8 min at 10°C. Cells were then washed 
twice in MACs buffer, incubated with MACs rat anti- 
mouse IgG mlcrobeads* and washed again with MACs 
buffer. Labeled cells were then loaded into the MACs 
column and placed into the magnetic field. After allow- 
ing the negative cells to elute, the magnetic field was 
removed and the labeled cells were eluted from the 
column using MACs buffer. 

Quantitation of Immiinocytochenustry 

Quantitation was accomplished by counting immu- 
nolabeled cells. Three to six wells were evaluated un- 
der each condition. Cell counts were performed by ran- 
domly selecting and counting four fields per well using 
a 40 k objective. The number of nuclei was counted 
using DAPI (between 200 and 400 cells were counted 
per condition) and then the number of immunolabeled 
cells was evaluated using a FITC or TRITC filter. 
These numbers were then summed to give a total value 
for each weU and subsequently averaged to give a 
mean ± SEM for each condition. When evaluating neu- 
rons, cells were only scored positive if they showed 
positive immunoreactivity for the specific marker and 
had at least one process that was 2x the diameter of 
the cell body. 

Calcium Imaging 

Standard Fura-2 imaging and whole-cell patch- 
damp techniques were used as previously described 
(16, 23). Response profiles of the cells were determined 
using Fura-2 imaging to assay increases in cytoSoUc 
calcium ([Ca''^]i) following application of neurotrans- 
mitters or elevated potassium. Neurotransmitters 
studied were used at 0.5 mM, except ATP which was 10 
^M, and included GAB A, glutamate (E). glycine (G), 
elevated potassium (50 mM K*^ instead of 5 mM K*^), 
ascorbic acid (control), dopamine, acetylcholine (ACh), 
and norepinephrine. All neurotransmitter solutions 
were made with rat Ringers (RR) which consisted of (in 
mM): 140 NaCl, 3 KCl, 1 MgCU, 2 CaCU. 10 Hepes, and 
10 glucose. External solutions were set to pH 7.4 with 
NaOH. Cells were perfused in the recording chamber 
at 1,2-1.8 ml/min and solutions were applied by bath 
application using a 0.2-ml loop injector located approx- 
imately 0-2 ml upstream of the bath inport. Transient 



increases in calcium wer^nf6nsidered a response If the 
calcium levels rose to above 10% of the baseline value 
witliin 60 s from application and returned to baseline 
within 1-2 min. 

Electfophysiology 

Standard whole-cell patch-clamp techniques were 
used to record ionic currents from ES-derlved NRP 
cells in the voltage-clamp mode and to examine action 
potential generation in the current-clamp mode. Exter- 
nal bath solution was rat Ringers. Internal solution 
was a K-aspartate solution which cotisisted of (in mM) : 
50 KF, 75 K-aspartate. 15 NaCl. U EGTA, and 10 
Hepes. Internal solution was set to pH 7.2 using KOH. 

RESULTS 

ES Cells Differentiate into Neural Derivatives 

In these experiments, two female (H7 and H9) and 
one male (Hi) undifferentiated hES cell lines were 
maintained under feeder-free conditions and grew as 
compact colonies surrounded by differentiated cells 
(Fig. 1^. Under these conditions, hES cells can be 
maintained for over 6 months (over 120 population 
doublings) and remain kacyotypically and phenotypi^ 
cally stable. The undifferentiated cells express the 
POU transcription f actor O CT-4, the catalytic compo- 
nent of telomerase hTERT. and continue to show te- 
lomerase activity. In addition, the undifferentiated col- 
onies express surface markers associated with undif- 
ferentiated hES and embryonic carcinoma cells such as 
SSEA-4. Tra-160, and Tra-l-8l (33), To establish the 
baseline expression profile in hES cells, we evaluated 
the expression of markers for undifferentiated and dif- 
ferentiated cells in the undifferentiated hES cultures. 
In all three cell lines examined (HI. H7. and H9), the 
colonies of undifferentiated hES cells expressed char- 
acteristic maiicers such as SSEA-4 (Figs. IB and IC), 
Tra-1-60, and Tra-l-8l (Fig. 1E)» but did not express 
most markers of differentiated cells such as MAP-2, 
GFAP, galactocerebroside (GalC), a-feto protein (AFP), 
and muscle-specific actln (summarized in the table in 
Fig. IF). Differentiated cells outside the colonies did 
not show immunoreactivity to the undifferentiated 
markers (SSEA-4. Tra-1-60. and Tra-l-8l), but were 
occasionally immunoreactive for markers associated 
with neural progenitor cells, such as PS-NCAM and 
A2B5 (Figs. IB and IC). as well as markers for more 
mature cells, such as MAP-2. In addition, cells finm 
other geitn layers were observed within the differenti- 
ated cell mass such as muscle cells or AFP-positive 
cells. Unexpectedly, we found that morphologically tm- 
differentiated human ES cells showed positive immu- 
noreactivity for /3-tubulin in. which has been previ- 
ously reported to be neuron-specific (10. 11). This im- 
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FIC. 3. Oifferenliatian 6f h£S into mature neurons. huEBs were maintained in 10 /iM RA for 4 days and then |>IatCd onto fibfOnecUn- 
coated plates in DMEM/F.12 medium supplemented with hECF. hbFGF, hPDGF-AA. and hIGF for 3 days. These cultures were then 
passaged onto lamlnin in medium supplemented with 10 ng/ml hNT-3 and ID ng/m] hBDNF and allowed to further dlfterentiate for 14-16 
days- MAP-2 (A) and synaptophysin (B) immunoreacttvities tn cultures of H9 p26, Bhie staining indicated PAPI. (C) GABA immunoreactiviQr 
(red) and ^tubulin in immunoreactivicy (gtBeh) In cultures of H7 hES cells (p&l). (D) Tyrosine hydroTcytase immungr^ctivity in cultures 
oFH9 (p23). Glutamatd (E) and glycine (F) immunoreactivities in differentiated HI cells. 



munoreactlvity colocalized with ES-specific markers 
such as Tra-1-81 (Figs. ID and IE) and appears as a 
filamentous stain within the cytoplasm. Upon differen- 
tiation into neiirons, p-tubuHn HI immunoreactlvlty 
was also detected in cells with neuronal morphology 
(see below). 

Murine ES cells have been shown to be capable of 
differentiating Into neural precursors (21), neurons, 
astrocytes, and oligodendrocytes (3, 5. 19), To deter- 
mine if hES cell Unes could be used as a source of 
precursor cells, we evaluated several differentiation 
protocols and optimized a sequential procedure that 
allowed a significant fraction of cells to differentiate 
into neurons (summarized in Fig, 2A), The first stage of 
differentiation was induced by the formation of EBs in 
FBS medium with or without 10 RA. After 4 days 
in suspension, EBs were plated onto fibronectln-coated 
plates in defined proliferation medium supplemented 
with 10 ng/ml hEGF, 10 ng/ral hbFGF. 1 ng/ml hPDGF- 
AA, and 1 ng/ml hIGF-1. Under these conditions, the 
EBs adhered to the plates and cells began to migrate 



and proliferate on the plastic, forming a monolayer. 
After 3 days under these conditionSp many cells with 
neuronal morphology were present. The cultures were 
then examined for the presence of ectoderm, meso- 
derm, and endoderm derivatives. In these experi- 
ments, we tised three hES cell lines: HI, H7, and H9 
(31). Similar results were found with each line. 

Immunocytochemlcal analysis 3 days after plating 
EBs in proliferation medium showed that dividing nes- 
tin-lmmunoreactive neural precursor cells, as assessed 
by BrdU incorporation, were identified in Hi cultures 
(Fig. 2B), A subset of the nestin-positive cells coex- 
pressed neural progenitor markers such as FS-NCAM 
and A2B5 but did not express markers for more mature 
cells (see table in Fig. 2C). In all three lines, putative 
neuronal and glial progenitor cells were also identified 
in cultures maintained in proliferation medium by the 
presence of PS-NCAM and A2B5 immunoreactivlty- In 
initial experiments, EBs were cultured in the absence 
of RA, After plating these cells in proliferation me- 
dium^ 56 ± 14% (four separate experiments, two cell 
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FIG. 5. Hti^an ES-dCfived NRP cells exprBSkS voltage-gated Ionic currents and fire aqtlgn potential^. (A) Ionic currents expressed by 
human ES^ertved NRP cells. Two cells are shown In A which express typical sodium and potassium currents when depolarized to test 
potcnti^ between -80 and 80 mV from a holding potentlai of *I00 mV. Voltage protocol shown in top Inset. CB) Cuirent-voLtage 
relationships. The peak current-voltage r^latianships oFthe Inward (Na*, filled circles) and outward (K^, open triangles) potassium currents 
in A. Sodium current activau>s between -30 and 0 mV, reaching a peak at ~10 or 0 mV. Potassium current activates at voltages above —10 
cnV and becomes equal to or larger in magnitude than cha sodium current at voltages between 20 and 40 mV. (C) Action potfintial£. The ^ame 
cells CA) generated action potentials in response to depolarizing ^timulL Cell membranes were held at voltages between —60 aitd — IGO mV 
by Injecting -80 or - 150 pA of current. CeU noembranes w«te depolarised Tor short durations (0.5 ms) by depolarising current injections of 
160 or 80 pA or for longer durations (37-125 ms) by simply removing the holding current injection. Brief depolarizing pulses (0.5 ms) 
generated action potentiab with thresholds above -30 mV. Longer depolarizations also generated action potentials as the cell membranes 
slowly depolarized to rest; in some cases, a second, abortive action potential fired (left). Current injection protocols shown In bottom insets, 
color coded to corresponding voltage waveforms elicited above them. 



lines) of the cells expressed PS-NCAM and 65 ± 9% 
(four separate ejqjeriments. two cell lines) expressed 
A2B5 as measured by flow cytometry. However, when 
EBs were maintained in 10 /iM RA before plating in 
proliferation medium, 87 ± 9% of the cells were positive 
for A2B5 or PS-NCAM using flow cytometry (Fig. 2N). 

Using inimunocytochemistry, the morphology of the 
PS-NCAM-posltlve cells appeared mostly neuronal and 
a subpopulation of the PS-NCAM-posltive cells also 



expressed ^-tubulln III or MAP-2 (Figs. 2D and 2E). 
However, colocali^ation with glial markers such as 
GFAP and GalC was not identified. Occasional clusters 
of cells expressing muscle-spedflc actin or AFP were 
identified; however, these markers did not colocalize 
with any neuronal or glial markers tested (summa- 
rized in the table in Fig, 2F). 

Examination of the A2B5-lmmunoreactlve popula- 
tion showed two different phenotypes: flat cells and 
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Neurotransmttter 


% of NCAM-K Cells 




Respondlns 






GABA 


B1.1 ±5.4 


Olutamate 


15.1 ±S0 


Glycine 


13.2 ±47 


Dopamine 


3.8 ±Z6 


Acetylcholtne 


79^ ±5.6 


ATP 


94.2 ±a2 



FIG. 4, Human ES-dcrlved MRP tells responded to neurocrans- 
mltters with Increases In cytosoUc caldum. (A) Individual cells re- 
sponded CO a subset of neurotransiTTlttera* Ratloed emission data 
Phjm jingle cells ftura two dlfl^rent cov^r^Hps. Approxtanate [Ca'*], Is 
estimated by the ti^t y-sxls. Both cells responded to GABA, ele- 
vated potassium, acetylcholine, and ATP. The cell tetsM plate 1 re- 
sponded with a larger [Ca**^], increase to CABA than to ACh. iMhile 
the opposite w^ true for the cell from plate 2. Neurotransmitter 
applications are shown by labeled triangles. (B) Table indicating 
frequency of celts responding to specific neurotransmitters 0? = 53). 



neuronal-like cells (see below). A subpopulation of the 
neuronal-like cells showed colocalization with neuro- 
nal markers such as ^-tubulin HI (Fig. 2G) and MAP-2 
(Fig. 2H). Using a human-specific NCAM antibody we 
found that A2B5 and NCAM are coexpressed in a pop- 
ulation of cells which have neuronal morphology. A 
subpopulation of the A2B5-positive flat cells expressed 
GFAP (Figs. 21 and 2J) ; however, the flat cells were not 
seen to express neuronal markers. It is unclear 
whether the remaining flat cells represent progenitor 
cells or an tmidentifled differentiated cell type. 

Astrocyte formation was considerably less almndant 
than neuronal formation in these cultures. In addition, 
GFAP-posittve cells were found in patches associated 
with neurons and were not colocalized with more ma- 
ture neuronal markers, such as MAP-2 and neurofQa- 
ment. A subpopulation of GFAP-positive cells was also 
found to coexpress CD-44 (Figs. 2M and 2N). GalC- 
positive cells were also identified in these cultures; 
most of these cells showed a flat, polygonal morphology 
and only a few cells had a process characteristic of 
oligodendrocytes. Because of the low abundance of 
GFAP and appropriate GalC-positive ceUs, we were 
unable to obtain accurate cell counts for these popula- 
tions. 

Similar data were collected from all three lines at 
various passages (26 to 31 passages or 125-150 popu- 
lation doublings) tested. Thus, hES cells can be in- 



duced to differentiate info-fieural derivatives that ex- 
press nonoverlapping lineage-specific markers under 
appropriate differentiation conditions. 

hES Differentiate into Mature Neun^ns 

To determine if hES cell-deiived neurons could mature 
in culture, we assessed their ability to synthesize neuro- 
transmitters, respond to neurotransmitters, make syn- 
apses, and generate electrical activity. In these experi- 
ments, EBs treated with RA and plac^ into proliferation 
medium were replated into differentiation medium. Un- 
der these conditions, neurons with extensive processes 
could be seen after approximately 7 days. After 8-16 
days these cultures were immunostained for the pres- 
ence of neuronal and gUal markers. For neuronal quan- 
titation, MAP-2 immunoreactivlty was used rather 
than ^-tubulin in because of the )3-tubulin III expres- 
sion identified in the undifferentiated cultures. Cul- 
tures differentiated for 14 days contained 20-30% 
MAP-2-positive cells (Fig. 3A) and express synaptophy- 
sin (Fig, 3B), Although the cultures in proliferation 
mediimi contain high percentages of FS-NCAM and 
A2B5 cells, we obtained 30% MAP-2-positive cells upon 
differentiation. Although there are a small number of 
asuocytes present under these conditions, the remain- 
der of the population requires further evaluation. It is 
likely that the remaining cells include neuronal and 
glial progenitors, but exact quantification will require 
further experimentation. 

The above experiments include RA during the for- 
mation of EBs. We also evaluated whether the pres- 
ence of RA was necessary for the formation of neurons- 
Using the Hd line at p25, we found that EBs main- 
tained in 10 iiM RA and further differentiated as de- 
scribed above generated considerably more neurons. In 
these experiments, cultures exposed to RA contained 
26.5 ± 5.4% (n = 6 wells) MAP-2-positive cells while 
cultures derived from EBs maintained without RA con- 
tained only 5.7 ± 2.4% (n = 6 wells) MAP-2-positive 
cells. As seen previovisly, GFAP-immunoreactive cells 
were observed in patches. These data indicate that 
while RA is not necessary for the formation of neurons, 
the presence of high concentrations of RA appears to 
enhance the formation of neurons. 

The presence of neurotransmitters was also as- 
sessed. After differentiation of the H7 or H9 lines 
GABA*inimunoreactive cells were identified which co- 
expressed ^-tubulin ni or MAF-2 in three separate 
experiments (Fig, 3C). Most of these cells had a netiro- 
nal morphology but occasional GABA-positive cells 
were identified that did not coexpress neuronal mark- 
ers: th^e cells had an astrocytic morphology. TH-pos- 
Itive cells which coexpressed MAP-2 were identified in 
all experiments (five experiments) (Fig. 3D). In these 
experiments, approximately 3% of the MAP-2 celts ex- 
pressed TH (three experiments). In addition, expres- 
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sion of glutamate and glycine was ideiicmed (Figs. 3E 
and 3F) after differentiation of the Hi line. 

Functional Activity of Neurons Derived ^om hES 
Cells 

CaJcium imaging. To assess the capacity of hES- 
derived neurons to respond to neurotransmitters, EBs 
were generated from the Hi cell line, plated in mito- 
gens, and then replated in NT-3 and BDNF for 7 days 
as described above. Caldum levels were examined in 
PS-NCAM-positive cells after perfusion with various 
neurotransmitters or 50 mM potassiimi using Fura-2 
imaging. Of the 53 cells tested, 94.3 ± 3.2% responded 
to elevated potassium, and most of the cells responded 
to GABA. acetylcholine, and ATP while only 3.9% 
^ed to respond to any of the agonists applied (Fig. 
4 A) . These data are summarized in the table in Fig. 4B. 

Electrophysiology 

In addition to the presence of neurotransmitter re- 
ceptors, we evaluated the presence of voltage-operated 
channels using parch and voltage damping, HI cul- 
tures carried in parallel to the cultures used for cal- 
cium imaging were used in these experiments. Of the 
six PS-NCAM>positive cells t^ted, all six expressed 
sodium and potassium currents (Figs. 5A and 5B) and 
all six fired action potentials when held at hyperpolar- 
ized potentials and injected with var3dng amplitudes 
and durations of depolarizing currents (Fig. 5C). Pas- 
sive membrane ptx^perties were determined with volt- 
age steps from -70 to -80 mV and we calculated the 
average capacitance (Cm) to be 8.97 ±1.17 pF, mem- 
brane resistance (Rm) to be 487.8 ± 42,0 MQ, and 
access resistance (Ra) to be 23.4 ± 3.62 MA of the six 
cells. Ionic currents were examined by holding the ceUs 
at - 1 00 mV and stepping to test voltages between - 80 
and 80 mV in 10-mV increments. Peak sodium and 
potassium currents were extracted from these data. 
We calculated the average sodium current (/kJ to be 
-53L8 ± 136.4 pA, the average potassium current (/k) 
to be 441.7 ± U3,l pA. the average sodium current 
density I/wa (density)] to be -577 ± 7-78 pA/pF. and the 
average potassium current density [/K(density)] to be 
48.2 ± 10.4 pA/pF (Figs. 5A and SB), These data indi- 
cate that neurons generated from hES cells have volt- 
ag^operated channels which can generate action po- 
tential at appropriate voltages. 

Enrichment of Neural Progenitor Cells 

Neural progenitor cells are likely to be a good source 
of cells for cell transplantation in neurodegenerative 
diseases. It has been previously demonstrated that 
neuronal-restricted and glial-restricted precursors can 
be isolated using the surface antigens PS-NCAM and 
A2B5 (15. 21). Therefore, we examined whether this 



population showed proHfferative capacity and could be 
enriched using immunoselection. 

Under our proliferation conditions we identified neu- 
ral progenitor populations expressing PS-NCAM and 
A2B5. To determine if these cells could proliferate, EB 
cultures plated in proliferation medium were pulsed 
widi BrdU for 24 h. Both PS-NCAM- and A2B5-posltlve 
cells showed BrdU incorporation (Figs. 6A and 6B), In 
addition, our costaining data described above indicate 
that both of these populations have the capacity to form 
neurons (Figs. 2D-2H). As seen in rodent cultures, PS- 
NCAM cells speared to be restricted to neuronal forma- 
tion. As mentioned previously, A2B5-positive cells 
showed two separate morphologiest flat cells and cells 
with neuronal morphology (Fig. 6C). A2B5-positive cells 
with neuronal morphology colocalized neuronal markers 
such as 0-tubulin III and MAP-2. In addition, A2B5 and 
PS-NCAM had overlapping expression, which was re- 
stricted to cells with neuronal morphology (Fig. 6D and 
data not shown), A small nimiber of the flat A2B5 cells 
also expressed GFAP. However, GFAP expression was 
not restricted to A2B5 cells. 

It has previously been demonstrated that these cell 
populations can be enriched using immunoselection tech- 
niques (15, 21). Therefore, we used magnetic bead sorting 
or immunopanning to enrich A2B5-positive and PS- 
NCAM-positive cells. In these experiments, the EBs were 
maintained in the absence of RA before plating in prolif- 
eration medium. At the time of selection, cultures con- 
tained approximately 56 ± 1496 PS-NCAM-immunoreac- 
tive cells and 65 ± 9% A2B5-immunoreactive cells. After 
selection, these populations could be enriched to 86 ± 6% 
PS-NCAM-positive cells or 91 ± 2% A2B5-positive cells 
(four separate experiments using two cell lines). An ex- 
ample of this type of enrichment is shown in Fig. 6E, in 
which the starting population of HI p47 hES cells con- 
tained 53% PS-NCAM-positive cells. After immiuioselec- 
tion, the negative population contained 27% P&i^ICAM- 
positive cells and the positive population contained 91% 
PS-NCAM-positive cells. 

Immunoselected cells were maintained in defined 
medium supplemented with 10 ng/ml NT-3 and 10 
ng/ml BDNF. Using H7 p30 ceUs immunoselected for 
PS-NCAM, we found that after 14 days of differentia- 
tion in NT-3 and BDNF, a subpopulation of the NCAM- 
posltive cells colocalized j3-tubulin III or MAP-2 (Figs, 
7A and 7B), Cell counts showed that 25 ± 4% of the 
cells were MAP-2 immunoreactive and 3 ± 1% of the 
MAP-2-positive cells were TH positive (Fig- 7E) while 
only 1.9 ± 0-8% of the MAP-2-positive cells were GABA 
positive (Fig. 7D). GFAP-Lmmunoreactive cells were 
also identified in these cultures (3.2 ± 0.6%), but GFAP 
did not colocalize with PS-NCAM (Fig, 7C) or the other 
neuronal markers. GalC immunoreactivity was not 
identified in these cultures. 

A2B5-enrlched cells, on the other hand, have the 
capacity to generate both neurons and astrocytes. 
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FIG. 6. EnridtoQAnt of neural progenitor cells using Unnuinaselectlon. huEBs were maintained in 10 /iM RA far 4 days and then plated 
onto fibronectin-Goated plates in DMEM/P-12 medium supplement^ with hEGF, bPGF, hPDGF-AA. and hIGF-1 for 3 days. PS-NCAM (A) 
arxl A2B5 (B) (green) Inmmnoreactivity in H9 (p27) under these culture contjicions, A subpopulatlon of both cell types inccrporate BrdU {red 
itudei). (Q TwD different morphologies are identiiied with A2B5 immunoreactivity (red). 0-Tubulin III Is oolocalized In some caIIs with a 
neuronal niorphology. Cells under these conditions were harvested and immunoselected using the MACs magnetic cell sorter. The percentage 
of cells expressing PS-NCAM or A2B5 before and alter Innnunoselecdon was assessed using Flow cytometiy as described under Materials and 
Methods. After sorting, cells were plated at 5 X 10^ cells/well in differentiation medium contaimng 10 ng/m} hNT^3 and 10 ng/ml hBDNF. 
(E) Quantitation of a representative sort using che PS-NCAM antibody. In this experiment EEs were generated from Hi p49 without RA and 
plated for 3 days in proliferation medium. Cells were harvested and samples were collected fbr flow cytometry. During the magnetic sort, 
samples of the flowthrough and of the enriched populations were collected for flow cytometry befof^ the remaining cells were plated in 
differentiation medium. The sampler were stained for PS-NCAM and quantified using f)ow cytometiy . Before the sort. 50% of the population 
expressed PS-NCAM; after the sort, only 28% of the flowthrough (negative population) expr^sed PS-NCAM, whereas 86% of the positive 
population expressed PS-NCAM. 



A2BS-immuno5eIected cells were subjected to the same 
differentiation protocol as PS-NCAM cells. As seen in 
the parent population, A2B5-iiiimunoreactlve cells 
were either flat cells or cells with neuronal morphol- 
ogy. After 2 weeks under differentiation conditionsp 
A2B5 cells showed colocalization with 0-tubiilin III or 
MAP-2 CFigs, 7F and 7G). Cultures of H9 p26 A2B5 
cells had 32 ± 3% MAP-2-po5itive cells. In addition, 
3 ± 1% of the MAP-2 cells were TH positive (Fig. 7J) 
while only 0.6 ± 0,3% were GABA immunoreactive 
(Fig. 71), A very small percentage of the cells (0.73 ± 
0.6%) expressed GFAP. Some of the A2B5 flat ceUs 
colocalized GFAP (Fig. 7H). There was also a popula- 
tion of GFAP cells that did not express A2B5. 



Human Fetal Cells Differentiate into Afeura/ 
Derivatives 

The differentiation of £S cells is believed to recapit- 
ulate normal development The restdts described above 
indicate that hES ceU lines generate PS-NCAM- and 
A2B5-immimoreactlve cells that can generate multiple 
neuronal phenotypes. To determine if similar cells 
were present in fetal neural tube cultures^ we obtained 
first-passage fetal cells (12-20 weeks gestation, from 
Clonetics) and examined them for the presence of PS- 
NCAM-immunoreactive cells. Fetal cultures were a 
mixed population of cells with a substantial fraction 
expressing nestin, A2B5. or GFAP immunoreactivity 



PAGE 52/81 * RCVD AT 5/1712005 10:38:00 PM [Eastern Daylight Time] ' SVR:USPT0-EFXRF-1/1 * DNIS:8729306 * CSID:6174430004 ' DUflATION (mfn-ss):30-26 



05/17/2005 22:51 FAl 6174430004 Bromberg and Sunstein 

hES CELLS AND NEURONAL DIFFERENTIATION 



121053 
393 



PS-NCXM A2B5 ^ 

Enriched Population EnrlchnI Poputetion 



A 


: ^t j 

••-.r!.^ii?^:...:... n 




G 

j 


c 

7 

; 


H 

, ---^^ 


D 


I 


> 


J 



FIG- 7. Immunoenxiched populadqns differentiate into mature neurons. After immunoselectlan, the cells were plated Into N2 medium 
supplemented with 10 ng/ral hNT-3 and 10 ng^ml hBDNF for 14 days. (A-E) H7 p30 PS-NCAM sorted cells differentiated in NT^ and BDNF 
for 14 days. A sui^papulation of the PS-NCAM celb (red) colocalize ^-tubulin III (A) and MAP-2 (B) (green). (C) PS-NCAM-positive cells (red) 
did not colocalize GFAP (green). These cultures contained MAP-2*positive cells (green) which also esqpressed GABA CD) or TH (red). (F-J) 
Characterization of H9 pZ9 hES cells that were differentiated and inununoselected using the A2B5 antibody, A subpopulation of the A2B5 
cells (red) expressed ^tubulin II (F) or MAP-2 (G) (green). (H) A few A2B5 cells (red) were identified that also expressed GFAP (green). These 
cultures contained MAP-2^positive cells (green) which also expressed GABA (I) or TH (H) (red). 
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(23) (Figs, 8A and 8C). A subset of>:dls (40^50%) 
expressed PS-NCAM immunoreactivity {Rg, 8D). PS- 
NCAM-immunoreactive cells coexpressed other neuro- 
nal markers (Fig, 8C and table in Fig. 8B), A subset of 
the PS-NCAM-imniunoreactive and tubulin HI cells 
were dividing cells indicating the existence of a divid- 
ing NRP population (Fig. 8Q- As in differentiated ES 
cell cultures, expression of A2B5 was limited to a small 
proportion of the neuronal population and was also 
expressed by nonneuronal cells (Fig, 8J). Thus» ES cell 
differentiation generates cells similar in morphology 
and phenotype as those present in fetal cultures. To 
test the differentiation of PS-NCAM-immunoreactlve 
cells» these cells were grown under differentiation con- 
ditions and their ability to generate differentiated neu- 
rons was tested. As described for ES cell cultures, 
PS-NCAM-lmmunoreactive cells differentiated into 
cells that became postmitotic and expressed different 
kinds of neurotransmitters/^mthesizing enzymes 
[Figs. 8E-8H and (23)]. PS-NCAM immunoreactivity 
did not colocalize with markers for astrocytes or oligo- 
dendrocytes (data not shown). 

DISCUSSION 

We have shown that multiple human ES cell lines 
maintained in an undifferentiated state for 26-31 pas- 
sages or 125-150 population doublings express charac- 
teristic markers and are capable of differentiating into 
multiple neural derivatives. Neuronal cells that differ- 
entiate from hES cell cultures express PS-NCAM and 
mature in culture to synthesize different classes of 
neurotransmitters. PS-NCAM-immunoreactive cells 
can be Immunoenriched and the PS-NCAM-expressing 
cells do not appear to generate astrocytes or oligoden- 
drocytes, but retain the ability to generate multiple 
neuronal phenotypes. 

In contrast, ES cell-derived A2B5-n7imunoreactive 
cells appear to be a mixed population of cells that can 
generate both neurons and astrocytes. These cells can 
also be immunoenriched and the resulting population 
retains the ability to generate neurons and astrocytes. 
Thus, human ES cells can be induced to differentiate 
into neural derivatives that express lineage-spediic 
markers under appropriate differentiation conditions 
and neuronal derivatives can be isolated using cell 
surface labels. 

Comparison of human ES cell cultures with their 
rodent counterparts revealed some important differ- 
ences. As shown previously, undifferentiated hES cells 
expressed SSEA-4 immunoreactivity, an antigen that 
Is not expressed in undifferentiated mouse ES cells. In 
addition, the undifferentiated hES cells do not appear 
to require LIF (27, 31). Of particular importance is our 
observation of fi-IIL tubulin expression in colonies of 
undifferentiated hES cells. These j3-III tubulin-immu- 
noreactive cells did not appear neuronal either by mor- 



phology or by coexpressi&n^f other neuronal markers. 
These cells were not included in our analysis of neuro- 
nal differentiation and only 0-111 tubulin-lmmunoreac- 
tive cells that showed neuronal morphology and coex- 
pressed other neuronal markers were considered neu- 
rons. 

A further difference between the mouse and human 
cells is the response to retinoic acid* Using the stan- 
dard neural induction protocol for mouse ES cells (3) 
with 4 days of EB culture without RA and 4 days with 
1 fiM RA and then plating the EEs in defined mediimi 
did not result in enhancement of neuronal formation- 
However, increasing the RA concentration 10-fbld, as 
has been demonstrated in human EC lines (8, 24), 
resulted in a 5-fold increase in the nimiber of MAP-2- 
positive neurons formed after terminal differentiation. 
Furthermore, we found that EEs maintained in 10 yM 
RA and then plated in mitogens resulted in cultures 
that contained as much as 90% A2B5- or PS-NCAM- 
positive cells. 

PS-NCAM- and A2B5-positive cells were very abun- 
dant in our differentiated h£S cultures maintained in 
mitogens. Immunocytochemistiy shows the presence of 
various neurotransmitters after further differentia- 
tion. In addition, we found that hES cells can differen- 
tiate into mature neurons that generate action poten- 
tials. However, spontaneous action potentials were not 
detected, even though synaptophysin immunoreactiv- 
ity indicates the presence of synapses. This finding 
may be due to the fact that cells selected for electro- 
physiological examination were somewhat isolated 
from the other cells in the culture (for ease of detec- 
tion). Alternatively, there may be a relatively low num- 
ber of excitatoiy neurons or the synapses may be im- 
mature. Ninety-four percent of the neurons assayed 
responded to depolarization (50 mM potassium). Neu- 
rons derived from human cell populations expressed 
voltage-gated sodium and potassium channels, re- 
sponded to ligands such as glutamate and acetylcho- 
line, but did not fire action potentials (23). Ligand- 
gated currents evoked by GABA, glutamate. and kai- 
nate developed slowly /n vitro, requiring up to 70 days 
in differentiation culture before expressing maximal 
responses (7), Of particular importance is our finding 
that hES-derived neurons respond to dopamine and 
produce TH. At the time of these experiments, the hES 
cells had undergone as many as 150 population dou- 
blings. In each experiment we found that about 3% of 
the neurons expressed TH. 

Similar to PS-NCAM-expressing cells. A2B5-immu- 
noreactive cells were veiy abundant under our culture 
conditions- These cells generated both neurons and 
astrocytes suggesting that A2B5 immunoreactivity is 
not exclusive to either neuronal or glial precursors- 
This may indicate that the A2B5 epitope is expressed 
by at least two populations of cells in ciiltures. A subset 
of the A2B5-immunoreactive cells appear neuronal and 
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FiG- 8. PS-NCAM-immunoreactlvG cells express neuronal properties while A2B5-lnifnunoreactive cells express neuronal and giif>i 
properties. Fetal cells obtained from Clonedcs were plated in culture and processed after 48 h (A), 5 days (C, D. D'. I-M), or 2 weeks (E-H). 
Cells were stained for nisstin (green, A), BRDU (red. C: green, I, Inset to I). ^-KI tubulin (jgrwi C, D', J, K). A2B5 (red. I-M), TH ftjrown, 
E), ChAT Oirown, F), gUitamate (brown, G), and glycine (brown, H). A shows that Clonctics cells ar^ e mixed population with a subset 
expressing PS-NCAM immunoreactivity. PS-NCAM-lmmunoreactive cells Imve a characteristic antigenic profile (summarized in B). PS- 
NCAM-lmmunorcactive cells coexpress fl-m tubulin (P. D') and E-NCAM/^DI tubulin cells dhdde in culttir* (Q. When maintained in 
culture for Z weeks. PS-NCAM-lmmunoreactive cdls mature and subsets of cells expiro different neurotransmitters (G, H) or neurotrans- 
mirter-syntheslztng enzymes (E. F). In contrast AZBS-imnunDTHacttve cells comprise a small proportion of cells at this stage (I and data not 
shown), a subset of which Incorporate BRDU a and inset to 1} . A m^ority of A2B5-immunoreactivc cells (>9596) do not coexpress ^in tubulin 
Immunoreactivity (J), though occasional A2B5/^-in tutmlin-immunoieactive cells are seen (K). While most A2B5.1mraunoreaccive cells do 
not express GFAP. A2B5-expressing ceUs can differentiate Into A2B5-/GFAP+ astrocytes (L) and into A2135+/GFAP+ astrocytes CM). 



double labeling shows that the$e cells coexpress PS- 
NCAM and MAP-2 immunoreactivity. In addition, we 
noted a more fibroblastlc-appearing cell that did not 
express neuronal markers and resembled the A2B5- 
immunoreactive cells identified in rodent ES cell cul- 



tures (21). A small subpopulation of these fibroblastic- 
like cells also expressed GFAP, but it is unclear what 
cell type the remaining population represents. In con- 
trast to the rapid and robust maturation of neurons, 
few astrocytes were detected. A subpopulation of the 
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astrocytes expressed CD-44, a cell surfai^ glycoprotein 
that is the predominant receptor for hyaluronate and is 
expressed by astrocytes in the adtilt brain. Recent 
studies in the chick embryo have suggested that CD-44 
may recognize astrocyte precursors (I, 17). We there- 
fore examined differentiating ES cell cultures for 
CD-44 expression. Coexpression of CD-44 and GFAP 
was seen in a substantisd number of astrocytes. Since 
the antibody we have used recognizes an extracellular 
epitope, this antibody can be used to label and sort 
astrocyte and astrocyte precursor populations. 

Our data show that hES-derived progenitors have 
sinUlar characteristics to progenitors derived from pri- 
mary human spinal cord. We found that the hES-de- 
rived PS-NCAM neuronal progenitors had the same 
diaracteristics as cells &om primary tissue. One of the 
advantages of the hES-derived cells is the abundance 
of starting material, which allows the generation of 
large quantities of neurons. 

In summary, our results demonstrate that hES cells 
have the capacity to generate mature, functional neu- 
rons in vitro. In addition. hES cells can generate more 
restricted precursor cells that can be enriched by the 
addition of RA or by immunoselection. or both. These 
data indicate that human ES cells provide an abun- 
dant and scalable source of cells for the isolation of 
these cell types for therapeutic and drug discovery 
applications. 
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The study of human cardiac dssue developmenc is hampered by the lack of a suitable in vitro modeL 
We describe the phcnotypic properties of cardiomyocytes derived from hiuaan embryonic Stem (ES) 
cells. Human ES mtts were ciidvated in suspension and plated to form aggregates tctmed embryoid 
bodies (EBs). Spontaneously concracctng areas appeared in 8.1% of the EBs- Cells from the sponta- 
neously contracting areas within EBs were stained positivEly with anti-cardiac myosin heavy chain, 
anti-a-actanin, anti-desmin^ anti-cardiac troponin I (anci-cTnJ)^ and anti-ANP andbodies. Electron 
microscopy revealed vatying degrees of myofibrillar organization, consistent with early-Stage car- 
diomyocytes, RT-PCRstudies demonscrared the expression of several cardiac-Specific genes and cran- 
scripdon factors. Exttacellalar electrograms T^ere characterized by a sharp component lascing 30 ^ 25 
milliseconds, followed by a slow component of 347 ± 120 milliseconds, IntraceUular Ca*^ izansients 
displayed a sharp rise lasting 130 ± 27 milliseconds and a relaxation component lasting 200^300 mit 
liseconds. Positive and negative chronotropic ef&cts were induced by application of isoproterenol and 
carhamylcholine, respectively. In conclusion, the human BS cell-derived cardiomyocytes displayed 
structural and funcdonal properties of eaziy-stage cardiomyocytes, Escablishment of this unique dif- 
fecentiadon system may have signiEcanr inopact on the study of early human cardiac difi^erentiadon, 
functional genomics, pharmacological testing, cell therapy, and dssue engineering. 

7. €Jin,Ifma. lOa:407-414 (2001), DOI:10.1172/JCI2001 1213 X. 



Introducdon 

Tlie study of earty human cardiomyocyte development 
is hampered by the kjck of a suitable model. Hence, 
valiiable informadon regarding the differcndadon of 
eady hiunan cardiac precursor cells, the development of 
exdtabihty, exdtadon-^oncracuon coupling, and the 
molecular signals involved in these processes is largely 
lacking. In addirionj aduk cardionayoqnres permanent- 
ly withdraw from the cell cycle and therefore cannot 
regenerate. Hence, significant loss of cardiomyocytes is 
irreversible and leads to die development of progressive 
heart Mure. A pocendal novel therapeutic approach for 
this situation is to increase the number of funcdonal 
myocytes within the depressed region by implantation 
of ntyogenic cells. Recent studies demonscrared that 
fecal cardiomyocytes could survive in infarcted tissue. 



differeniiate, and possibly improve cardiac performance 
(1, 2), Given diac human fetal tissue carmot be obtained 
in sufEcient quanddes in the clinical setting, a new 
source of human cardiomyocytes is sorely needed* 

Embryonic stem (ES) cells are continuously growing 
stem cdl lines of embryonic ongin, first isolated &om 
the inner cell mass of mouse blastocysts (3), These 
unique cells ar^ characterized by their capacity to pro- 
liferate in an undiEFerendaced state for a prolonged 
period in culture, and by their ability to differentiate 
into every tissue type in the body. The advent of murine 
ES cells has provided important insights into the eady 
steps of development of excitabilicy in die mammalian 
hearc, induding patterns of gene expressiorv, myoflb- 
riUogenesis, ion channel development and function, 
receptor development, and caldum handling (4-9). 
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Fi^re 1 

Stages in EB producbon and drfferent i ation. (a) 
Schematic of the three stages in human ES ceO 
diflferentiacion. Inidaify, the ES colonies are 
gro\A/n on top of the MEF feeder layer (left). To 
induce dtflferendation^ cells are cransferred to 
suspension, where the/aggregara Co form ESs 
(middle). After lO day^ in suspension, £6s are 
platsd on gelatin^oated culture dishes^ where 
they are observed for the appearance of spon- 
taneous contractions (right), (b) Photomicro- 
graphs depicting the just-mentioned three 
stages: E$ coJony (lef^), E0s in suspension (mid- 
dle), and a contrarting area in the outgrowth on 
an EB (right, armw). 
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Given liie oucscandlng pocendal demons craced by 
mouse £S ceils, ic is not surprising chat much effort 
has been spenc on che developmenr oFhuman ES cell 
lines. This quest ended recently when two groups 
described che generadon of human blascocysc-detived 
£5 cell lines (10, 1 1). The human ES cells were demon- 
strated to fulfill all the criteria defining £$ cells, name- 
ly, derivation from the pre- or peri-iraplajitacion 
embryo, prolonged undifferentiated proliferation 
under spedal conditions, and the capacity to form 
derivatives of all three germ layers. Hence, when cul- 
tured with mitocically inactivated mouse embryonic 
fibroblast (MEF) feeder layer, they could be main- 
tained in the undifferentiated state for prolonged peri- 
ods. Further studies revealed that when human ES 
cells were allowed co spontaneously diffcrenriace, chey 
formed embryoid bodies (EBs) containing derivatives 
of all three germ layers (12). More recently the effects 
of different growth factors on diflerentiation into var- 
ious lineages were tested in this system (13). 

In this report, we describe the use of human ES cells 
as a reproducible differentiadon syscem for human car- 
diomyocytcs. Using this system, spontaneously con- 
craccing foci were, for the first dme to our knowledge, 
demonstrated to have ultrastructural and functional 
properties consistent with a cardiomyocytic phenotype. 

Methods 

ES cell preparation and production of EBs. Human undif^ 
ferenciaced ES cells of the single<ell clone H9.2 (14) 
were grown on mitodcally inactivated (mitomycin C) 
MEF feeder layer in culture medium as described pre- 
viously (10). The culture medium consisted of 80% 
knockout DMEM (no-pyruvatc, high-glucose formu- 
lation; Life Technologies Inc., Rockville, Maryland, 
USA) supplemented with 20% PBS (HyClone, Logan, 
Utah, USA), I mM t-glucaminc, 0,1 mM mercap- 
toethanol, and 1% nonessential amino acid stock (all 
from Life Technologies Inc.). 

To induce differentiadon, ES cells were dispersed to 
small clumps (three to 20 cells) using coUagenase IV 
(Ufe Technologies Inc; 1 mg/ml for 20 minutes). The 
cells were then transferred to plastic Petri dishes 
(Miniplasc, Ein Shemer, Israel), at a cell density of 



about 5x10^ cells in a 58-nmi dish, where they were 
cultured in suspension for 7-10 days. During this 
stage, the cells aggregated to form EBs, which were 
then plated on 0.1% gelatirv<oaced culture dishes, at 
a densicy of one ro five EBs in a 1.91-cm^ well, and 
observed microscopically for che appearance of spon- 
taneous contractions. Figure la is a schematic sum- 
marmng che differenc stages in EB generadon. 

To assess the efficacy of the cardiornyocytic differen- 
tiating system, 1,884 EBs were placed on gelatin<oat- 
cd dishes and monicored tnicroscopically daily for the 
presence of contiamons fr>r up to 30 days after plating. 
The percentage of EBs displaying concraccing areas, as 
well as the distribution of the timing of onset of spon- 
taneous beating, was evaltiaced In a preliminary study, 
we noced chac varying £S cell density input in the sus- 
pension phase, aldiough modifying the number of EBs 
produced, did not affect the percentage ofbeadng EBs. 
Similarly, screening of two different Iocs of semm also 
did not modify the cardiomyocytic yield significantly. 
In addidon, the effect of DMSO, a known sdmulanc, 
on differendadon into cardiomyocync lineage was 
assessed by adding DMSO (Sigma Chemical Co., St. 
Louis, Missouri, USA) at a concenttadon of 0.75% 
(vol/vol) to the culture medium during the 10 days of 
growth in suspension. The percentage of concracdng 
EBs and che dming of onset of spontaneous contcac- 
dons were examined microscopically in 454 EBs. 

Immunostamtng, Concracdng areas were mechanical- 
ly dissected using a pulled-glass tnicropipctte. These 
areas were then enzymadcally dispersed using tiypsin- 
EDTA (0.5% trypsin, 0,53 mM EDTA; Life Technolo- 
gies Inc) for 15 minutes at 37° C. Cells were plated on 
laminin-coated glass coversHps at a low density to 
allow visualizadon of individual cells, incubated for 48 
hours^ fixed using 4% paraformaldehyde with sucrose, 
and permeated using 0^% Triton X-lOO (Sigma Chem- 
ical Co.)- Cells were blocked with 10% BSA and incu- 
bated with primary antibodies overnight at 4*C, Pri- 
mary andbodies used were mAb's for myosin cardiac 
heavy chain ot/& at a dilution of 1:50, mAb's for cardiac 
muscle troponin I at a dilution of 1^5,000, mAb's for 
desmin at a diludon of 1:100, and polyclonal antibod- 
ies for atrial natriuretic peptide (ANP) at a dilution of 
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1:250 (all from Chemicon Intemarional Inc, Temecu- 
la, California, USA). Staining of sarcomeric a-actinin 
and nebulin was performed using anri-sarcomeric 
a-acunin mAb's ax a. diludon of 1:800 and and-nebu- 
lin mAb's at a dilution of 1:200 (boch from Sigma 
Chemical Co,), rcspcccivcly. Afctr three washes with 
PBS, cells were incubated with secondary donkey ana- 
mouse, FITC-conjugated IgG antibodies^ absorbed 
against human tissue for myosin heavy chain, dfcsmin, 
and croponin I scainingj or rhodamine-conjugated 
anci-rabbir IgG antibodies for a-actinin, ANP, and 
nebulin staining (boch from Chemicon Incemadonal) 
ax a dilution of 1;100 for 1 hour at room tempera m re. 
Preparations were examined using fluorescence 
microscopy* Dispersed cells isolated from noncon- 
cracting EBs served as controls. 

RT-PCH Total RNA from undifferentiated ES cells 
and contacting £Bs was extracted using TEtl reagent Idt 
(Sigma Chemical Co.) according to the manu&xurer's 
instructions. cDNA was synthesized ftom 1 )ig cocal 
RNA using Superscript II reverse transcnptase (Life 
Technologies ^c.)- cDNA samples were subjected to 
PCR amplification with primers selective for human 
cardiac genes. The PGR primers and the reamon condi- 
tions used are described m Table 1. The PGR products 
were size fractionated by 2% agarose gel electrophoresis. 

Electron microscopy. For transmission electron 
microscopy^ the spontaneously contracting areas were 
mechanically dissected. The tissues were fixed in 3% ghi- 
taraldehyde in 0.1 M cacodylare buffer (pH 7.4) at 4"C 
for 24 houiSj postfixed in 1% O5O4 in the same buffer 
for 1 hour, dehydrated in graded ethanols, and embed- 
ded in Epon 812. Thin ((50-90 nm) sections were used 
for ultrasctuctutal evaluation using a JEOL USA Inc. 
100 SX transmission electron microscope (Peabody, 
Massachusetts, USA) operating at 80 kV. 



Ex^rOceUfdar eledrophysiolo^cal rscordingand pharmaco- 
lo^ad studies. Intact contracting areas within the EBs 
were mechanically dissected using a pulled-glass 
micropipBtte and plated on gelatin-coated multielec- 
crode arrays (MEA; Mulri Channel Systems MCS 
GmbH, Reudingen, Germany) (18). The MEA consists 
of 60 titanium nitride electrodes with gold contacts 30 
|Xm in diameter with an interelectrode distance of 200 
^irn. The contracting areas were plated on top of the 
MEAs, and cells were confluent over the electrodes. 
However, in some EBs with relatively small contract- 
ing areas, the contracting area did not cover all elec- 
trodes; hence, recordings were performed from fewer 
than 60 electrodes. Extracellular signals were recorded 
simultaneously from all 60 electrodes at 25 kHz and 
were band-pass filtered ftx>m 1 co 3,000 Hz, Recordings 
were performed in culture meditun at 37^C. A pH of 
7.4 was maintained using perfusion wich air contain- 
ing 5% CO2. Chronotropic responses were as;sessed by 
extracellular recordings for 10 minutes before and 
after the culture medium was replaced by a medium 
containing 10-^ M isoproterenol, 10~^ M carbamyl^ 
choline, 10^ M 3-isobutyl-l-methylxanthine (IBMiQ, 
or 10** M forskolin (all from Sigma Chemical Co.), 

Intracellular caldum ([Ca^*^]^) SJttnsients. The EBs were 
loaded with fura2-AM (Molecular Probes Inc^ Eugene, 
Oregon, USA) for 25 minutes at room temperature 
(24-25^ C) at a final concentration of 5 ^M, in a 1:1 
mixture ofTyrode's solution. EBs were then transferred 
to a nonfluorescent chamber mounted on the stage of 
an inverted xnictoscope (Diaphoc 300; Nikon Inc., 
Tokyo, Japan). The chamber was perfused with 
Tyrode's solution at a rate of 1 ml/mzn. Expetimeats 
were performed at 37** C. Futa2 fluorescence was meas- 
ured using a diial-wavelength system (Deltascan; Pho- 
ton Technology International^ Lawrenceville, New Jer- 



Tafalel 

PCR. prirner? used in this study 



Gene product 


Primer 


reaction condition 


Product size (bp) 


KANP 


GAACCACACCCCACACACACAC 








CCCPCAGL 1 ILiCl 1 ; 1 lAGCAC 


3S cycles fil^'C inl mM MgCl2 


406 


MLC-2A 


ACAGACTTTATTCAOCTCCCCC 








AACCTGAACTGTCCCAGACG 


35 cycles at 61 °C hi mM MgD] 


381 


MLC-2V 


TATTCGAACATGCCCTTCnGCAT 








CCmccrCAAGGCrCATTACCTT 


35 cycles at 61 °C in 1 mM MgCb 


3B2 


GATA4 


AGACATCGCACTGACnGAGAAC 








CACOCCTCACTATCrOTCCAAC 


30 cycles at GO''C in 1 mM MgCs 


475 


OC-Myosin heavy chain 


ctcattcctgaaacccagaatc 






GCAAACTACrCGATCACACGCr 


40 cycles ar 61 ^•C M 2 r^M MgOz 


413 


Occ-4 


CAGAACAATGAGAACCmCACCACA 






TrCTOOCCCCCCTTACAGAACCA^ 


35 cycles ar 55 °C in 1 .5 mM MgOa 


219 


NVx2,S 


CTTC^CCO^GAGGCCTACG 










35 cycles ac 55*'C In 1 .5 mM MgCb 


233 


cTnT 


CGCAGCCGAAGAGCATCCTGAA 






CAGCCACCAACnTCCGCATCAACGAC 


35 cycles at 60*C in 1.5 mM Mgq2 


150 


cTnl 


CCCTCCACCAGCCCCAATCAGA 






CGAAGCCCAGCCCGCrCAACn: 


35 cycles ac 60'*C in 1.5 mM MgCb 


250 


CAPDH 


AGCCACATCCCrCACACACC 






CTACTCAGCGGCCACCATCCD 


25 cycles w 61 'C in 1 .5 mM MgCh 


302 



hANP. human ANP; Occ-4. occamef-bmding pTOwin 4. *Rer. 1 5. 1 6. ^Rer. 1 7. ^Rer 1 2. 
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sey, USA) as described previously (19). Briefly, two dif- 
ferent wavelengths (340 and 380 nm) were used for 
exdcAQon^ and the emitted fluorescence (510 nm) was 
collected and detected by a photomxildpKer cube (710 
PMT, phocomulnpUer decection system; Photon Tech- 
nology International). Raw data were scored for off-line 
analysis by the FeliX software (Photon Technology 
International) as 340 and 380 nm counts and as the 
ratio Jl=iVw/i^3w- The Savitzfcy^olay smoothing algo- 
rithm was used CO reduce noise level 

Statistical anafysis. Data are e^ipressed as mean ± SD, To 
assess possible chronotropic effects, the average sponta- 
neous bearing rate was compared before and after dmg 
application using two-cailed paired Scudenc*5 1 cesc P val- 
ues less rhan 0.05 were considered significant. 

Results 

Human ES cell-deritfed cardtonFyocytes f&rm spontaneously 
contracting areas. Figure lb depicts typical examples of 
ES colonics grown on top of the M£F feeder layer, che 



formation of EBs during the suspension phase^ and an 
BB containing a concracring area after plating. Rhyth- 
mically contracting areas appeared ac 4-22 days after 
plating. Figure 2 illustrares the cumiila.tive percentage 
of EBs containing contracting areas as a ftmccion of 
che dme after pkdng. Such concracdng areas appeared 
in 153 (8.1%) of the l,8$4EBs studied. At 11-12 days 
after placing, 50% of the plateau value was reached- 
The contracting areas usually appeared in the ouc- 
growch of the EB, with a diameter range of 0.2-2 mm^ 
and continued to beat vigorously for up to 5 weeks 
(the longest period studied). DMSO ac a concentralion 
of 0.75% did not cause a major change in the percent- 
age of beating EBs, with 46 of 454 (10-1%) of the EBs 
demonstrating concracdng areas. 

StmctunU analysis. Light microscopy revealed that die 
contracting areas were composed maiidy of relatively 
small mononuclear cells, 10-30 ^m in diameter, with 
round or rod-shaped morphology. Transmission elec- 
tron microscopy of chese cells revealed mononuclear 
cells, with parallel arrays of myofibrillar bundles ori- 
ented in an irrcgvdar manner in some cells (Figure 3a), 
whereas more mature sarcomeric organizarion was 
apparent in Others (Figure 3, b and c). The degree of 
myo^brillar organization varied wichin different areas 
of the same cell, among different cells in che same EB, 
and among different EBs. Nevertheless, in general, a 
shift from an immature phenotype manifested by dis- 
organized myofibrillar stacks in early Stage EEs (Fig- 
ure 3a) to a more organized sarcomeric structure in 
later stage EBs (Figure 3, b and c) was noted- In some 
foci, the formation of early and more developed Z 
bands could be observed (Figure 3, b and c). The inter- 
calated disc, another cellular structure that characcer- 
isucaUy appears during in vivo cardiomyocyte differ- 
endadon, was observed in many of the differendadng 




R£ure3 

Ultrastructural analysis of ES-derived car- 
diomyocytes. (a) Transmission electron miO'O- 
graph oFseCboned beating EB 10 da/S aft^r 
plating. Rj&latively unorganized mydfibritlar 
bundles can be seen in some nrtyocytes. (b)A 
cell 27 days after plating, displaying a more 
mature sarcomeric organization, (c) A differ- 
ent cell from the same EB as in b, demonstrat- 
ing more organized sarcomeres and Z*bands 
(arrow), (d) High-power electron micrograph 
showing the presence oF a gap junction 
(arrow) from a cell 1 S days after plating, (e) 
High-pdwtf electron micrograph showing the 
presence of desmosomes (arrow) from a cell 
1 6 days after plating. 
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EBs. Hence, incetcalated discs composed of gap junc- 
dons and desmosomes were obseived to connect: adja.- 
cenc cells (Figure 3, d and e). 

Using immnnogrtQchemisciy, the presence of car diac- 
spedBc proreins and chcir spatial organization were 
studied in dispersed cells forming contracting EBs. Fig- 
ure 4a shows positive immunoscaining of dispersed 
myocytes with anti-cardiac a/P-myosin heavy chain 
xnAb's- Varying degrees of myofibrillar orgaiu^ation 
were noted among the cells. The staining patterns 
ranged from cycopUsmic dumps in some to non- 
parallel bimdles of elongated fibrillar structures in oth- 
ers. Some of these bundles displayed an early striated 
paccem (Figure 4b)- The contracting myocytes also 
stained positively with ann-0&-actinin mAb's (Figure 4c\ 
anu-cTnl mAb^s (Figure 4d), and anti-desmin mAb's 
(Figure 4c)j with different cells demonscraring varying 
degrees of sarcomeric organization. In addition, the 
positive staining by anti-ANP (Figmre 4f) suggested the 
presence of cytoplasmic ANP granules. In concrasc lo 
the positive staining with cardiac-specific proteins, cells 
from the concraccing areas did noc demonstrate nebu- 
lin immunorcactivity, confirming the cardiomyocycic, 
rather than skeletal, nature of the cells. 

To determine the percentage of cardiomyocy fcs in 
the contracnng areas, the regions exhibiting sponta- 
neous concraccing activity were microdisscctcd, enzy- 
maticaUy dispersed, and plated at low density to allow 
identification of individual cells by immunocyco- 



Hgurad 

Immunoscaining of ES cell-derived cardio myocytes, (a) Immunos- 
caining of dispersed cells from a beadng EB (day 1 6 after placing) with 
anti-cardiac O^^-myosin heavy chain mAb*s. Several Cells stamed pos- 
itively. X40. (b) Higher magnification of a cardiomyocyte in a more 
developed ^ge (day 1 6 after plating). Note the appearance of earV 
Stnati'on pattern (arrow). x63. (c) Positive Staining with anci-sar- 
comeric o-actintn niAb*s (day 17 after placing). x63. (d) Positive 
siaitimgwich ^nl mAb's (day 30 after piadng). x63. (e) Positive stain- 
ing wich anti-desmIn mAb*s (day 18 after plating), X63. (f) Positive 
staining wnih and-ANP andbodies (day 1 6 after placing). xd3. 



chemistry. Using cTnl mAb's, the percentage of posi- 
cively stained cefis was 29.4%. 

Gene expression studies. The eaepression of several car- 
diac-spedRc genes was assessed in the human ES 
cell-derived cardiomyocyces and in imdiHerentiated 
ES cells using RT-PCR. As shown in Figure 5, 
myocytes from concraccing EBs expressed die cardiac 
transcription ^crors GATA4 and Nkx2.5 as well as 
the cardiac-spedfic genes cTnl, cardiac troponin T 
(cTnT)^ atrial myosin lighr chain (MLC-2A)j ventricu- 
lar myosin light chain (MLC-2V), and ot-myostn heavy 
chain. MLC-2A expression was also noted in the 
undifferentiated ES cells, buc was markedly Increased 
in the conrracting EBs. Octamer-binding protein 4^ a 
marker of undifferentiated cellSj was expressed in the 
ES cells. This expression significantly declined in the 
contracting EBs. The housekeeping gene GAPDH 
served as an internal conctol 

Measurementi of[Ca^^Jf tmnsierits. [Ca^*]; transients 
were measured fh>m spontaneously concraccing EEs 
using fura-2AM (n = 7). The average spontaneous 
beating rate was 0.9 ±0.11 Figure 6a displays cyp- 
ical recordings with an initial rise in systolic [Ca^*]i 
and a slower decay. The cime to peak systolic [Ca^*]j 
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cTnT 






GATA4 






hANF 












MLC-2V 






Nkx2.5 






a-MHC 






Oct-4 







GAPDH 



^^ressiofl of specific martoers in 
the contracting Negarive 
images oF echidium^stained 
are shown. RNA samples from 
undifllerenciaied ES cells and 
contracting EBs (C-E65) were 
analyzed by RT-PCR hr the 
expression of cardiac'^pecific 
markers: tfTnl, cTnT, GATA4, 
human ANP, MLC.2A, IVILC-2V, 
Nkx2.5, and a-nrtyosin heavy 
chain. Octnnnen-bindin^ protein 
4 (Occ-4) an ES<ell marker. 
CAPOH served as internal stan- 
dard. "-RT" indicates no cDNA. 
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Flgirra 6 

Funcrional analysis of contracting area wichin cSe EBs. (a) Caldum rransiencs of 
human ES cell-derived cardiomyocyces as decermlned by Ajra-2 fluorescence. A 
typical caldum cranslenc \s shown on che left^ and condnuous recording is shown 
on The righr. Tp, rime to peak; T^, Dotal transient rime; Ti/a, rime to half-pealc relax- 
ation, (b) Typical extracellular electrophysiological recordings from different areas 
oPthe E&, Note the presence of a sharp and slow/ component. ratio. 



averaged 130 ± 27 milliseconda, the cime co half-peak 
relaxarion was 143 ± 94 tntUisecond$, aud cocal tran- 
sient length wajs 4^ ± ISO milliseconds. In all cases, 
the [Ca^'^li signals were synchronous with the con- 
traction r^te observed roicroscopically. 

EamcelluJareUctrophyswIogfcal rtccr^np and chronotrop- 
ic stu^. ExtraceUular recordings from the contracting 
areas displayed eleccrogtams consiscmg of a sharp com- 
ponent with a peak-ro-peak amplitude of 630 ± 33 
lasting 30 i: 25 milliseconds, followed by a slow com- 
potienc of 347 ± 120 milliseconds, rcprescacing the 
depolaxizadon and repolarization processes, respec- 
tively (Figure 6b). The average spontaneous bearing 
race was 94 ± 33 beats per minute (n = 8) and was stable 
(mean frequency SD of 1^5 bears per minuce] during 
a recording period of 20 minutes in all EBs studied. 

Positive and negative chronotropic responses were 
observed after administration of the ^agonist iso- 
proterenol and che muscarinic agonise carbamyl- 
choline, respectively. Isoproterenol at 10"^ M signifi- 
candy increased spontaneous contraction rate to 
146% ± 43% of its baseline value (n - 8; P < 0.0 1). Sim- 
ilarly, che direct adenylate cyclase activator forskolin 
and the phosphodiesterase inhibitor IBMX increased 
spontaneous contraction rate to 182% ± 48% {n ° 6; 
P < 0.01) and 152% ± 77% (» = 6; P < O.OS) of ics initial 
value. In contrast, che tnuscarimc agonist carbamyl- 
cholinc at 10"^ M decreased the rate to 78% ± 20% of 
its initial value (n - 6; P < 0-05). Th^ latter effect was 



reversed by apphcation of che muscarimc 
antagonist atropine. All of chese respons- 
es were prompc, occurring within 90 sec- 
onds of drug application. 

Discussion 

ES ceils provide a tmique cellular system CO 
study commitment and differentiation of 
embryonic tissue under in vicro condicions. 
Cultured as EBs, muiine ES cells recapitu- 
late the dcvelopmenc of cardiomyoqrtes 
from very early cardiac precursor cells to 
tetminally differentiated cells (7). The 
advene of che tnurine ES model has thus 
provided important insights into the early 
steps of caidiomyogenesis, including che 
origin, commitment, and diflerendation of 
cardiac cells, patterns of gene expression, 
myoHbrillogenesis, ion channel develop- 
ment and Rmction, and calcium handling 
(4-9). Nevertheless^ there are significant 
differences becween human and murine 
development, and, for ethical reasons, it is 
essentially impossible to study the postim- 
plancadon human embryo directiy. 

In this report, we have described a 
reproducible novel system in which 
human ES cells differentiate into Car- 
diomyocytic tissue. Our results detnon- 
scrace rhac rhe spontaneously contract-- 
ing tissue within the developing EBs contain 
myocytes portraying structural and functional prop- 
erties consistent with early-stage cardiac tissue. 

Several lines of evidence confirm the cardiomyocytic 
nature of these cells. Ultrascruccural analysis of the dif- 
ferentiating cardiomyocytes showed that these cells 
were mainly mononuclear and round or tod-shaped, 
contained different degrees of myofibrillar bundle 
organization, and exhibited nascent intetcalated discs. 
These myofibrillar structures stained positively with 
ailti-humaii c^diac myosin heavy chain, anci-<x- 
actinin, anti^esmin, and anti-cTrH mAb's. The cells, 
however, did not exhibit immunoreactivity with anti- 
nebulin mAb*s, a specific skeletal muscle sarcomeric 
protein shown co be expressed early in skeletal 
myoblast differentiation (20). 

These results are consistent with ultrastructural 
properties of early-stage cardiomyocytes and with the 
developmental process of myofibnllar assembly. Previ- 
ous studies demonstrated that during in vivo car- 
diomyogenesis, myofibrils are initially distributed in 
sparse, irregular myofibrillar arrays, which gradually 
cnature into parallel arrays of myofibrils and ultimate- 
ly align into densely packed sarcomeres (21, 22). 

ES-derived cardiomyocytes express a number of car- 
diomyocyte-spedfic genes, including the transcjipnon 
factors GATA4 and Nkx2.5, which play a signiTicanc 
role in heart formation in vertebrates (23). In addition, 
in this study the cardiac proteins ANP, cTnl, cTnT, 



412 



Thejcxarnal o minimi Inveytigatiqn | August 200 J | VqIuzdc lOfi | NumberJ 



PAGE 63/81 ' RCVD AT 5/17/2005 10:38:00 PM [Eastern Daylight Time]' SVR:USPT0{FXRF-lf1 ' DNiS:8729306* CSID:6174430004 ' DURATION (inm-ss):30-26 



05/17/2005 22:56 FAZ 6174430004 



Bromberg and Sunstein 



121064 



MLC-2A, MLC-2V, and a-myosin heavy chain were 
also found co be expressed. MLC-2A expression was 
also noced in che undifFerenciaced ES cells, but was 
markedly increased in the contracting EBs, This 
expression prol^ably reflects some background differ^ 
ennadon of the ES cells on the feeder l^r. The pres- 
ence of both MLC-2A and MLC-2V might suggest the 
presence of a number of cardiomyocytic cell types 
within che concraccing areas- 

The eictracellular recordings, the [Ca^"]i transients, 
and the pharmacological studies dearly demonscrace 
that the contrajcting areas within the EBs displayed 
physiological properties consistent with cardiomy- 
ocytic tissue and significandy differed from noncardiac 
(skeletal or smooth) muscle. All components of normal 
cardiac excitation-contraction coupling were demon- 
strated wichin this tissue, namely electrical activadon, 
increase in [Ca*^]i and che resulting concracdon. 

Licde is known about calcium handling in the nor- 
mal developing human heart. [Ca**]; rransiencs in 
adult human atnal tissue, studied using futa-2 (24), 
were similar to die ones recorded in the present srudy 
with tespect to total duration of the [Ca^*]i transient 
and to dme of half-peak calcium relaseadon. However, 
the time to peak transient in the EBs (130 ± 27 mil- 
liseconds) was longer than die one obtained in human 
atrial myocytes (52,5 ±3,1 milliseconds). This differ^ 
ence may have been the result of a number of causes. 
In the murine ES model, the contmcdng areas within 
EBs were shown to be a mixture of aerial, ventricular^ 
and sinus nodal cells (25). Given that different car- 
diomyocyce cypes display different calcium character- 
isdcs {2&)y it is possible that the [Ca^^]^ transients 
measured in whole beating EBs, in the current study, 
represent a superposition of a mixed populadon of 
myocytes with fast and slow cell characterisdcs. Alter- 
natively, the lower race in [Ca^'^Ji rise may have been 
due CO lower efHdency and irrunaturity of the calcium 
machinery in early developing cardiac cells. 

The extracellular recordings demonstrated a sharp 
and a slow component most probably constscent wj ch 
a relatively long acdon potential duration characteris- 
tic of cardiomyocytes. Fetal and neonatal human 
skeletal musde cells in culture, on the other hand, dis- 
play a much shorter action potential, with mean 
action potential duration at 50% of depolarization 
(APD50) of only 7,5 milliseconds (27). The positive and 
negative chronotropic responses to isoproterenol and 
carbaraylchoUne demonstrated the presence of func- 
tional adrenergic and cholinergic receptors, respec- 
tively, in pacemaker cells, A major pachway of die 
p-adrenoreceptor-dependent chronocropic response 
is die activation of adenylate cyclase and the conse- 
quent rise in cytosoUc cAMP and stimulation of pro- 
cein kinase. The positive chronotropic effect exerted by 
fbrskolin, a direct activaror of adenylare cyclase, and by 
IBMX, a phosphodiesterase inhibitor, suggests that 
this signaling pathway is already presenc early in 
human cardiomyocytic diffcrentiariorL 



Diffkrences between the mHmearkl human models. Sever- 
al differences distinguish human and mouse ES cells. 
Human ES cells have a sHghdy different morphology 
and form flaccer colonies. The stage-specific embryon- 
ic antigen-3 and andgen-4, as well as TRA-1-60 and 
TRA-1-81, have been shown ro be expressed by human 
but not by mouse ES cells (10), In contrast to che 
mouse, human ES cells differentiate when cultured in 
die absence of MEF feeder layer, even in die presence of 
leukemia inhibitory factor. 

The differences between the human and mouse cell 
lines are not limited to the stem cells. In the normal 
embryo, heart formation begins with die initiation of 
differentiation by myocardial and endocardial precur- 
sors and leads up to the formation of che cardiac valves. 
These events cover the &:st 12 days in die life of amouse 
embryo and die first 35 days in die life of a human 
embryo (23). It is not surprising, therefore, diat differ- 
entiation of human ES cells into cardiomyocytes pro- 
ceeds ar a slower rate chan in mouse ES cells. In the 
mouse model, ES cells are cultivated in hanging drops 
for 2 days and are furdier cultivated as EBs in suspen- 
sion for 5 days. Spontaneously contracting areas appear 
1 day after plating, and, within 2-10 days, 80-90% of 
EBs reveal pulsating areas (28), In die human ES cell diF- 
ferentiacion system described here, cells were grown in 
susper^ion for 10 days, and spontaneous contractions 
did not commence before day 4 after plating, widi die 
median value being 1 1 da3rs. Furthermore, only 8.1% of 
EBs revealed pulsating areas. These variations m^ rep- 
resent diEEerences between die spedesi differences 
between the cell lines, or some yet undetermined Victor 
required in the in vitro differentiation of human ES 
cells^ Several Actors diat may be optimized in the future 
to increase cardiomyocytic yield include different serum 
content, length of suspension period, the use of growth 
factors, or the use of supporting stroma. 

Morphologically, in vitro differentiation of human 
and mouse ES cells appears to follow paraild pathways. 
The assembly of the Z-line from periodically aligned 
Z-bodies and che ttansi don from disorganized myofib- 
rils to die more organized sarcomeric patcem described 
here have also been noted in the mouse model (7). In 
che two models, different degrees of myofibcLllar 
assembly coexist within adjacent cardiomyocytes in the 
same EB and within the same cdL Nevercheless, in the 
human model, ultrastructural maturation proceeded 
much more slowly, seemed more heterogeneous, and 
did not reach the fuUy mature adult phenotype during 
the observation period. 

Possible research and ctiniealapplkatums, EscabHshmenc of 
a caxdiomyocyte differentiating system from human ES 
cells may become a powerful tool for imderstanding car* 
diac devdopmenc and function, as human cardiomy- 
ocyres are nor accessible in adequate quantities for 
research, especially at this eady stage of differentiation. 
Specifically, imporcant insights may be gathered with 
regard to the mechanisms involved in cardiac lineage 
commitment, the process of sarcomeric organization, 
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accton potential and ion channel devdopmenc, pace- 
maker orgaxuzadon, calcium handlings and establish- 
ment of the adrenergic and cholinergic receptors^ as well 
35 the molecular signals involved tn these processes. 

Another attractive application of these cells is in cell 
replaccnicnc therapy. Adult cardiomyoqrtes withdraw 
permanendy from the cell cycle during diffcrcnciaiion; 
henccj any significant loss of cardiomyo<ytes (as occurs, 
for example^ dming myocardial in&iction) is irrevemhle 
and leads co diminished cardiac fiincdon and to the 
development of progressive heart feilure. A pocendal 
novel approach for this situation may be the implanta- 
tion of myogenic cells within the infercted tissue (1, 2, 
29, 30). Although a number of myocyte prtparanons 
have been suggested, the inherent eleccrophysiologicalj 
structural, and contractile propenies of caidiomyocytes 
strongly Suggest that they may be che ideal donor cell 
cype. Because human fecal cardiomyocytes cannot be 
obtained in suffident numbers for cliniral purposes, the 
use of cardiomyocytes derived from ES cell lines may 
become an accracdve option. Nevertheless, several obsta- 
cles must be overcome in order to achieve this goal, 
including die generation of enriched and tielaiively pure 
caidiomyocyte cultures and the cstahlishment of differ- 
ent strategies to counter immune rejection. 

In summary, ihls study described the generation of a 
itptoducible cardiomyocyce differentiation system from 
human ES cells. The generated myocytes were shown to 
display functional and scmcniral properties consistent 
wich early-stage cardiomyoq^s. The establishmenc of 
diis unique System may have an important impact on 
the tmderstanding of human card tar development and 
function, and may provide a powerful rcscaich and clin- 
ical cool in several fields such as pharmacological and 
toxicological testing, functional genomics, early car- 
diomyogenesis^ cell thecapy» and tissue engineering. 
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Cell therapy is emersinB as a pnHnising strategy fof inyocanfla] repair. This approach is hampered, however, by the lack 
of sources for human cardiac tissue »id by the abseme of direct evidoice for functional integration of donor cells into 
host tissues. Here we lnvestfeate whether cells derived fnim human embryonic stem OiES) cells can restore myocardial 
elediomechanical properties. Cardionrtyocyte cell girafls generated from hES cells in whm using the embryotd body 
differentiating system. TMs tissue formed sbtictuial and elecfaomechanical connections with cuHured raft cardiomyocytes. In mo 
integration was shown In a large^nimal model of slow heart rate« The transplanted hES cell-derived cardiomyocytes paced the 
hearts of swine with complete atrioventricubr block, as assessed Ijy detaaed thiee-dlmensional elediophysiolQgical mapping and 
histopatliotoglcal examination. These results demonstrate the potential of hES-cell canfloiriyocytes to act as a rate-responsSve 
biotogical pacemaker and for future myocardial leg^oation strategies. 



Because the xcgeoemtivc csp^dty of adidc heart tissae is limited, sny 
substantial ceU loss or dysfimction* such as oocozs doiiog myocaidtal 
infiiiaiaii, is mostly ItievecsibU^ and may lead to pn ^resshrc heait 
MuiCi a leadiz^ caose of morbidity and mortality^, Siniilazlyi tissue 
loss or dys^ction at critical ates in the can£ac dectricd asmductkm 
system may lesult in ineffioent ifaydmi initiation or impulse condnc- 
tioi^ tcqtnrii^ die imj^^azitaticii of a pecxnanent elforanic poocxoakcr^* 
'fianspbntation of escdtable myogenic cells within the dysfbnction^ 
zone is a possabJe therapeutk ai>proadi to lestoring caidiac dectzo- 
mcdutnical functums. Aldiou^ several cell types Imve been pio- 
'^ the inhezent stmctaral, electrophysiologic^ and contmctilc 
of cardiomygcytcs stzon^y suggest that they may be the 
ideal donor oeil type. Howem; dmical application of this strate^ is 
Laiup e i e d by the paucity of cell fiourocs for human caidioniyocytes 
and by the Hunted evidence of dkect functional hxtcgratiDO between 
host and donor c^^^. 

Human £S cells represent a promising source of doiior canliOjtzy^ 
cytes. These umque cell lines, isolated 6nm human blastocysts^^^^ 
can be propagated in the undifl&rentiated state in culnue and coaiced 
to difierentkte into derivatives of aA three genn layers^^. Rfit^atfy, a 
leprodndfale eardioaiyoe}rte di^oentiating system was established by 
cuhuiing hES cells as tTi npis ^ im wwin nal difietentiating trl i " y^T 'yg a t ffs 
termed anbryoid bodies^^^ Cdls isolated from ^>ontanccii^y beat- 
ing areas of the cultures displsiyed stractural, mclecalar and fimctional 
properties of early^^stage car^myocytes'*^'. More recently, we have 
demoostiHted that diis di&rentiating system generates in vitro a 
functional caoHonzyocyte syncytiom with spontaneous pacemaker 
activiiy and action-potential piopa^tion^. 



Here vit eqilore the utility of Ibis unique tissue in cell therapy 
pooGcdores aimed at restoring myocardial electRimechanicai fimc- 
tion& We show that excitable rawliar tissue generated finm ^r^-^ 
cdls integrates strnctuiaDy and fenctionally in ^n^ro over the long 
tenn with rat cardianiyDcyte cultnres. Koman ES cdi-^erived cardio- 
myocytes weie also tested in a large animal model of compleie 
atiiovtntzicular blod^ 

The Caididc condoction system consists of spedafized cells that 
gmerate and j^ttrfiirt tlw» dectzical impizlse in the heart. If this 
specialized conduction system is damaged at the atrioventncular 
junction* complete btock of die electzical propa^tion betweoi the 
atria and the vcntodcs ensues. Ibis xesohs in slow heart rate and 
drcnlalory compromise, cnitently one of the m^or mdications for 
tzeatnient vraih a pennanait elmliunic parfmakfg. 

We found that h£S ceD-detived cardiomyocytes successfully pace 
die vcntride in swine with complete heart block. This resuh diows 
that the ttansphnted cells sorvivei fimctioiig and integrate with hxxx. 
cells following in vrvo grafting and also provides proof^-«onoept 
evidence for the ability of these cetts to fonction as a bk>logicil 
alletnativc to the electronic paccmakei: 

RESULTS 

Functional integration in fqrbrid cultiues 

Hie spcmtaneously amtz^ctxng azevs identified in some of tbe 
rfBflPTynriariTtg efobryold bodies comprised mahily smaH odls that 
stained positively for cardiac-spedfic mazkers (Fi& la}. The myv>> 
Cytes weie arranged in an isotropic pattern and were connected 
dectiically through gap junctions. Inteiestingly^ the hES ceU-deiived 
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Rguie 1 Morphological and runctional ctiaracterization of ttie hES 
cardiornyocytes. (a) Immunostainins with antt-canliac troponin J atrtibodies 
(red). Note Utat the oontidcting areas cort$i$t of pt^hKih/ stained earty^Aage 
cafdiomyocytes distributed In an isoCmpic pflttem within the embiyofd 
body. Nuclei were counterstained with ToPrctS (blue), (b) Posithn 
Immunostalning ol the beating embryold bodtes with anti-Q(43 (red 
immunosignal. left panel) and anthOc45 (green, middle panel). Mote the 
colocal'izaUon of the C9i43 and Cx45 immunosfgnais to the same gap 
Junctions (yellow dotted staining, right panel), (c) Examples of patch-damp 
recording from the hES codionvocytes (20-30 d after pl^'n^ showinB 
spontaneous actfon-potential generation. Tire action potentfate recorded 
from the spontaneously beating cdts^ eitha^ from small clusters of cells 
(top tracing or isolated cetlfi (bottem feradng), «era characterized by an 
embiyonlc-ilka phanoiype. 
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canlioniyQcytes expressed Ixith GoiinGxin-43 (Gk43) and 0x45. whidi 
in many cases 00localtt«d to the same gqp junctions (FS^ lb)> a 
plietsonicnDn commosi to embryonic caidiomyocytes^. 

The beating embiyoid bodies displayed stable and coothraous 
aahnty for several wedks in culture. Whble^ceU patch-danqi reccml- 
mgs front isolated beating hES cardiomyocytes demonstrated uniform 
cn)bryonic-like action-potential moipbology and confirmed the prs- 
seact of an inherent paoemaking activity in these cells (I^ Ic). 
Detailed deAiopfaysiolpg^ xnvestis^on revealed that the biu^hysi- 
cal hags for this spontaneous automatiiity is a high-input resistance 
(generated by a low IQrcanent density) oonpLed vdlhaidaiivelyhigb 
sodiutn channel density^. 

y\/t tKxt assessed the ability of tbe hES cafdinmyocytes to integrate 
myftro with primary cultures of iKCoiatal t^t ventiicnlar niyocytes. The 
oontiacting areas wMiin the cmbryoid bodies wem dissected and added 
to the caidlomyDcyt£ cultuies (Fig. 2a). Widun 24 h aAet gicafting we 
conld alieady deliect mioosoopically, in all 22 cocuhunes stnHipd, 
syndironous medmnical activity (Siqipkmailary JVlovie online). 

To farther chasacterize the functional interactions within the 
oocdknres, wc mapped their dcctxical activity with a high-iesohition 
mictoelectrode acray (M£^ mapinng tedmiqu^^ (Hg. 2a). By 
recording extracellular potentials fiimultaneously Cboocn 60 dlect'odct^ 
were able to generate hi^v-resohilion activation maps thai char- 
acterize impulse initiation and oonducdon within the coaileuces. A 
typkal MEA map generated during spontaneous rhythm is shown in 
Fig. 2b. In this case, eJectrical actrvation was initiated within the rat 
tKsue (red) and then propagated to the te$t of the coculture. Electro- 
grams recorded simiibaneously fiom the human and rat tissues 
(Fi^ 2b) demonstrated tight tanpotal coupling continuously foir up 
to 21 d, the km^ESt period studied. 

We next carried out pacing studies in which either the rat (F|g. 2c) 
or human (Pig. 2d) tissues were stimulated tiuDugh one of the MEA. 



electrodes. Synchronous activity was tHgintameH in the oocultures 
duriqg both omditians. lb assess dcctfomediankaT coupling bet w een 
the two tissues, we correlated the mflphanigal contractions in the hES 
cardiomyocytes as detected by a photDdiode» with the dcctncal 
activity. As can be seen in F2{^ 5a» the mechanical contractions of 
the emhryoid bodies were time-lodced with die electrical activity in 
both human and rat tissues. 

The d^tee of dedxical coupling in die cocoltuzes w^s asscwed 
duiing kmg-tam foldings and after adtenerg^c stimulation and 
partial gap-junction iitwH ^Ung- A histogram depicting the ratio 
between the activation cyde-kngtfas in the human and rat tissues is 
shown in 1^ 5K The narrow peak at a ratio of 1 iCEHesents equal 
cycle lengths and cuufirms that electrial activity in the emhryoid 
bodies was synchronous with that of the rat tissue. Isoproterenol 
(10 mM) caused a sig)(n6cant inczcasc in the spontaneous beating rate 
(Ciom 13 ± 0j6 to L9 ± Ol« H», P < OjOS), but electrical coiq^ling 
between the two cell types was not hindered (Fig. 3c). Similarly, mild 
gap-junction iw^iipling iwing X'-heptanol (QL5 mM) did not alter this 




Figure 2 Functional Integration in the cocultLre^. (a) Ph^se-contr^ 
microgreph ol oocufture grown on top of the MEA, showing the hES 
cardiom^tCytes as a white cluster and the rat ventricular myeqrte monolayer 
in blade (b) Left; detailed activattoi map during spontaneous activity 
showing the electrical activation originating (red area in the map) in the 
rat tissue and then propa^ng to the rest of the cocuttu^, activating O 
also the human tissue. Rinht; simultaneous recordings from ttia hES 
cell-deiived (red electrode in Figwe la) and rat (green electrode) c»dlac 
tissues demonstrating e/nehmnous electrigai activi^ between the two 
tissue types. (c,d) Activation maps (left) and simultaneous recordir^ 
(right) from the and human tissues during pacing of either Utt rat (c) 
or human (d) tissue. 
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n$iire 3 P&sistent electtomechanlcal coupllne In the cocuttirss. (a) Optical recepdln^ of the contractions In the embryokl boify (top) showlne ^chronous 
mechanical motion with the electrical activify in the human (inidcfle) and rat (Inttom) tisajes. (b^) Histuffvns of the etedrical acthration cycfe-lensth 
ratios between the and human tissues. The narrow peak at a ratio of 1 represents synchronous activity durirrg kms-term reoonlinei at liseetine (b), after 
Isoproterenol adminlsbasion ic) and in the majcrity of cultures after tieptanol application (d). In the minorily of oocultives, mild gap junction uncoupling 
with heptanol caused episodes of 2:1 conduction blocks to), (f) Representativa confocal imagBS showlne tha spatial distribution of gap junction (positive 
0x43 staining, peen) at the interphase tietween the hES caniionvoqrtes end rat cardiomyocytes. Leil; spab'al dtstribution of the human cells Cstained red 
by anti-human mitochondrial antibodies] and rat cardiomyocytes (identified by ToFro3 staining of cell nuclei and tack of Ted cytoplasmic staining). Middle; 
spaitial distrlbutfon of gap junctions (pofiitive punctiate 6x0^ ^een staining in the hytirid cultwes. Ancws mark the presenoe of gap Junctkns at tha 
tissues' junction. Right; spatial distributkMi of the hES cardfamyoeytos^ rat celts and gap Junctkwis. 



-g tight oHiplipg in die majority (£ve of the ei^t) of the cocuUmcs 

^ (FSg. 3d), TWieieas in three oocultaies oocasona] episodes of 2:1 oon- 

£ ducdon block were noted (Fig. 3e). Hitter doses of hqttanol (5 mM, 

g catutng total g^Junction uncoupling) totalty ahoKshed conduc- 

3 tion in the hybrid cultoiesi indicstzng die s^gmficacGe of the gen- 

S erated gap junctions in dhcttomecfaanical $yncb<OQizatioii 

S For decaomedianiical coupling to oocajt specific stmctusal inter- 

g actions must develop at the intor^Cc between donor and host cells. 

Q fmmnnofluoresceBt stainii^ for 0x43 (the m^or gsfH^nction pro- 
tein) in conjunction with confocal miaosoopy demonstrated positive 



Qtfi^ immunostaining within the contracting emhiyoid bodies 
(Fig: lb), between the neonatal rat ventricular myocytes, and at the 
bolder between the human and tai caidiomyocytes in tbe cooihure 
eqjerimems (Fig. 3f). 

G6i«r«iioA of an fli viva biologFCd pacemaker 
lb assess graft survival and functional inti^xation in vmH we measured 
the abilicy of hES caidKMuyocytes to pace the heart of p^ vdth 
complete heart blodc Con^iletc block ym induccsd by ablaring the 
l^s bundle (the major eledncal conduction pathway between the 



Fifiiie 4 ECG recGrdlng^ in one of the animals 
with complete atnoventricular block. (a<) Typical 
ECO recordings deads 1, II end 111) after the 
Creation of comprete atri^^tricular block. 
During folkMHjp, fipisodes of the junctional 
escape rhythm ventricular paced rh/thm Cb) 
and the r>ew ventricular ectopic rhythm (e) M«ra 
identified, (die) Long-term ECG reoxdin^ using 
an imptantabile loop-reo<^r. in each animal we 
could obserae three different morphologies thart 
corredate with the three different EC^ patterns 
described in Rgure 4a-c. Note in this example 
thft presence of a stable and suslafned ectopic 
rtrythm after cell transplanta^n Cd). Episodes of 
the sustained ectopic activity toore i nte i sp ^sed 
with periods of tha junctional escape rhythm 
(e* tjottom) t)ecau3e of their similar rates. The 
first rf^ythm (e, top) was correlated, during 
electmanatomical mapping* with the new 
ventricular ectopic ihydim (electrical activation 
originating from the transplantation site In the 
posterolateral walO, where^ the second ECG 
pattern (e, bottom) was correlated with the 
junctional escape rfiythm. 
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RguM 5 Etectroanatomrcial mapping And 
pathofogical correlatrOT of the new ectopic 
rt^thm. (a»b) Electroanatomical mapping of 
the junctions) (lett) and ttie new ventriculv 
ectopic (right) rhythm^ Maps er^ shown ffom 
anteroposterior (a) and left lataral Ch) viewfi. 
Note that the earliest activation (red) during the 
junctiooal ftiythm (leit) oiiginated hom the 
superior septum, with the posterolateral wall 
being activated last (btue-purpla). In contrast, 
earl^ activation during the new ventricular 
ectopic rhythm (right) was detected at the 
posterotateral wall (red area) wHh the septum 
bsing activated taSt. (c) Spah'at correJation 
between the electiuanatomical (1^ and 
the patholQgPcal finding (rightX Durir^ mappingi 
a focal ablation (arrowhead) was done 2 cm away 
from the eariiest activation site (anmr). Excellent 
spatial conelatton was noted in patholc^. vrith 
tha ablatkin site (marked by the pink needle) 
being eiQctly 2 cm away from the cell injection 
site (bhie suture), (d^ Reproductbirity of the 
etecbophysiologlcai tmdln^. The same animal 
«^ mapped di^ng two separate occdsions and 
tha coiTBspondlng reproducible electroanatomicai 
maps are presented In a left pofiterior oblique 
vt^ (d,e). A focal ablation was deliver«d during 
each mapping procedure on opposite sides of 
the earliest actrvatiDn site. Kote the excellent 
comelation in pdthofogy (f) with the cell injection 
site (blue sirtura) located exactly betvi^en the two 
ablation sites (marioed fay the two graan needle^. 



atria and ^ ventrides) widi an electropliysialogical ablation 
catbetet. Complete Atncnroitzicylar block was immedtatdy identified 
bf the appearance of tfae typical dkwriatfnn between atrial (p waves) 
and ventzioiki (QRS deQectiAns) activities (F^ 4a). To picvatt 
an enremel/ slow heart rate in die jmwmk imtbedxettly fioUow- 
ittg the oeation of atrioventricular block, vre also imphntwl 
an dectronic pacemaker and positioned its ekctiode at the right 
ventricular ^mse. 

BlectrQcaidiogtam (£CG) rccozdin^ after complete atricventricolar 
block demonstrai£d the picscDcc of a typical junctional escape rhythm 
(Fj^ 4a). The souioe of this dow escape xhytbm* whidi is character- 
istic of atriovemrioilar Mode, are cardiac cells ivith inherent pacemak- 
ing properties located distal to the ate of oondnction block. This 
pgnpfnafcing Auction is usually dormant dutiog nonnal can£ac 
function tnit may become active when the vcntticuldr bc&tinB ^atc 
slows sabscantiail^ as occurs during comply heart blodc The £C£ 
recoidii^ also showed iutennittent episodes of ventricular pacing 
(FiS. 4b) resulting fi:om the ptrogrammcd activity of the implantwl 
electronic pacemaker ivhen the spontaneous heart rate fell below a 
predetermined ducshdd. 

After creation of atrioveotncutar blod^ we injected spontaneously 
contracting dusters of h£5 caidion^ocytes (40-150 beatxqg 
exnbiyQid bodies) into the posterolateral region of the h£t venttide 
and maiiced the epicardial injection ate with a suture. Vfe also 
perfonned control injections of medium or nonmyocyte hES oell- 
derivatives into a oompletdly different location in die anteriOT 
wdl of each animaL A few days after cell transplantaticm^ we 
oooid detect episodes of a new ventricular ectopic ihydmi (Fig. 4c) 
that had a substantially difterent morphology (ne^Uve axis in 
leads I, n and ni) oompaied with the junctioz^ (Fi^ 4a) or paced 
(Fig. 4b) rhythms. 



The new ectopic rhythm was detected in 11 out of the 13 animalt 
studied. In 5ve animals this ectopic activity wqs Umitod ip isolated 
beats or short runs of adivity. In tfae remaining ax animal^ tlie 
ectopic activity was mani&sted by the presence of a regular* sustained 
axkdhemodtynamicQlly stable ^kythm (ia^4d). The average rase of this 
new rhythm was 59 ± 11 beats/minp v^iidi was similar to tfae 
jun^ional escape riiytfam (61 di ^ beat^minX ca^laining the comp^ 
tition between die twQ rhythms observed in aD animals (F^ 4e). 
Intmstingty, this new rhythm was soisitETe to adrenei^ stimulation, 
widi tfae rate increasing to 94 ± 18 beats/min afber administiatioa of 
isoproterenol (10-20 Mg^nnn» P < 0.05). 

IVe next subjected tfae awTmale to an deccm|diysS<rfogtcal mapping 
procedure 1-3 weeks after odl transplantation. Mapping was done 
with a nonQuoroscDpic mapping tedmique that uses Special locatabfe . 
catheters to generate detailed threeHdhnensional clecttoanfttomical 
maps of the heon^'^. initially mapped tfae junctional escape 
rhythm (Fig. Sajki; left panels). Uot surprisingly^ electrical actzvaiion 
was initiated at the siqyerior sqrtnm (red), wilh tlie posterolatfiral wall 
being acsivatfid last (Uue-puipIeX The average left venixide activation 
time was 50 ± 6 ms. In oontrastp the new ventricular ectopic rhytlmi 
was diaracterized by a shift in the earliest electrical activation to die 
area of cdl transplantation at tlie pustaukteral wall (red area in 
Hg. right panels). Activatkm then propagated to tfae rest of the 
ventride, with tfae septum being acdvaied lasL Ibtal activation time of 
this new rhythm was 65 ± 12 ms. In contrasti we did not iK>te ariy 
ectopic activity 6om control ^tes (in ^diich me^imi or noncaidio- 
myocytes were injected) in the anterior waD, nor did we note any 
substantial ectopic acdvity in tiuee control aTiimalfi In v^iidi nox^ 
myocyte cdls were grafted. 

lb verify that the ori^ of the new ventricular ectopic activity was 
the site of cell gEaifitingi we navi^ted die catheter to the earliest 
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excellent spatul catr^'on b«tw«eDi the elcctropfaydolo^cal and 
paifaological findings (n = 8). Thus^ the ^iktanrtrs between the 
locadoDS of earliest acdvadon and ablation in the maps (19 ± 5 
mm) Inghly coirelatied (r^ = 0.93) with the measured distances 
between the ablatiOA and ipkction sites (20 ± 5 mm) in padicrfc^ 
(F^ 5c, rtght). To verify the rcpiodttdlnlit)r of die source of the new 
ectopic activity, we lepeaied the mapping prooeduxe in some ajtim^ 
Use acquired maps (Fj^ Sd^) were highly repiodudble^ and focal 
ablations delivered daring each of these staffing prDcediues on 
opposite sides of the eariiest activaiion were later identified widi 
CTioeneAt jfpatid coxielation in pa^logy (Kg. 5f). 

We next validated the presence of the grafibcd celb at the site of 
earliest electrical activity. Htftnlftgicfll sectioiu £rom this area identified 
the transplanted cells, which woe organized as ceR dusters and were 
ab'gned in the appropriate juxlaposidon with host cardiomyoc/tes 
(Fi^ 6ar-c), The grafted cells vraz identi£ed and their human 
nature was estahlisbed by positive immunostaioing widi anti-haman 
mitocboixliial antibodies (1^ <S1m). The cardiomyocyte phetK>type 
of many (but not aH) of the grafted cells was oonfizmed using and- 
caidiac ct-aetinin antibodies (Fig* 6c-e). The morpholep of the 
grafted h£S cardiomyocytes (sntdll ceEs with eariy-striated staining 



ftgnre 6 Histt^Q&eal tj mi tina tion of the fiitfi ef earliest etectrical activation, 
(a) HematiuyHn & eosin staining showing the transplanted cells within the 
myocardial tissue. <b) High-magnification immunosbining of the a^ eeu 
transptantatiofi with anti-human mitocitondrta antibedifis (red) varifying the 

human phenotype of the transplanted csells. Nuclei w^rd oeuntarSt^iiad wrth 

tePioS thlue). Note the ehtstsrif^ of hunan calls In the grafted embryoid 
bedie^. (c) l^ntificatSon of the transplanted cells and their cardiac 
phano^a. Tha left and middle panel show ttte results of immunostatning 
with an&v cardiac actinin antibodies (cardnnryocyte Dhenotype; green) and 
anti-human mrtochondia antibodies Odentifying the grafted human cells; 
red) respectively whereas the ilght panel prosanrs the superposition of both 
images, (d) Hlgh-magntflcation of the area mariced by the bcK in Rpiie 6c 
showing that the grafted hES cardiomyocytes aie small myocytes wrth an 
early-striated potterrL (e) H^gtwesolution confocal Image of the transplanted 
cells m a different animal. Note that in rare cases, the giafted cells matt^ 
to fdrm elongated cardiontyootes- The left and middle panel shows the 
results of immunnstalnlr^ with anti-a cardiac actlnfn arid anti4iuman 
mitochonikia antitxidies respectivefy; whoeas ttie right panel shows the 
superposition of both images 



pattern, typical of embryoniO'like cardiomyDcytes) dosely resembled 
tfaar in vitro structure la) and thus had not matured Substan- 
tially after in mo transplantation. In a minority of cases* we noted 
a more advanced maturation stage of the grafted cells (Fic^ 6e). In 
contrast, we did not detect any tcans^anted ceSk in sections taken 
from remote myocardial areas. 

DISCUSSION 

Cdl therapy is a pronDnng therapeutic approach to toyocardial 
repair^. In this report^ wc goKratrd spontaneously ncritahle caidio- 
myocyte tissue from hES cells and diowed that it integrates stnictu- 
TaUy> electrically and mnchankaHy widi rat cardiac cells m vrtra. Vh 
then demonstrated that the tranylanied hES cardiomyDcytes survive, 
integrate and fonclioa m vhv by showing that they pace the vei^^ 
in with Gonqriete heart block 

Ilece^t ^epo'ts suggest ^mt myocyte ttans^rfanftation may miprove 
^frfia^ fitwif»«ftfi in jwimal iwrvMa of noyocardial infiirction^^'^*^. 
However, it is not dear whetlier this fimctional improvement is due 
to diretl contribntion to contractility by the transplanted myocytes, 
attenuation of the nrmodeling process, amplification of an codogen- 
OU5 repair ptt)cess or induction of anagenesis. For cstantplc^ although 
transplantation of skeletal myoblasts was shown to inqiiove myocar- 
dial perfocmanoe» g^ junctxom weie itot observed between graft and 
host ti$sue«*^. Ifci even the presence of fiudigap [unoioiis between 
host and donor cardinmyocyte tissues, as observed in some studies^, 
does not guarantee fimctional int^ratiozL For such integiatxoii to 
occur; currents generated in one cdl passing through g^ junctions 
must be sufficient to depolarise ncig)iboring odls. 

Our results demonstrate loog-temi plpmr t mwVia ni ral integration 
between host and donor tissues at several levelsL Ekctxomechaiiical 
a)uplir^ was irutiaDydeiiMmstrated in vftiv by the presoice of posit^ 
Cz43 immimostaiidiig at llie inter&ce bet w een the h£S and rat 
cardiomyocytes and by the appearance of syndnonisod ctoctncal 
and TDcchanical activiticti in th^sc cocnUurts- The hz^ degree of 
CO Idling was evident by the lack of local conduction delay at the 
tissues' jmiction, by die continuous lostg-term oouplix^ and by the 
peisistent coupGng during altered pacema^ET posttxosu adrcnez^c 
stimulation and partial (but not total) gap-junction imCOupling. 

This study also provides evidence ^ the ni vm fimctsooal 
integration of doikor by demcMisnating the alulity of hES- 
oeD cardiomyocytes to pace the heart in swine with complete atrio- 
ventricolar block. Efectroanatomical mapping aDd subsequent 
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pathologual examixsation ocmfixmed that llie sooice of the new 
ventricular eaopic rfaythm was tbe site of cdl transplautatioxu Never- 
theless, because it is not possible in die$e «^ole-org^ experixnaus 
to map the dectrical activity at the cdlular level we could not nde 
out that thi$ new activity re$uhfid from an indirect e&ct of the trans- 
planted cells on ndgbboiing host caidioniy^>cytes. ^tential median- 
isms fbrsudi an elEect indade the secretioa of certain fectors Eom the 
grafted caidioniyDcytcs or the goiexation of ekctroAic cunents be- 
tween grafted and neighborii^ caidunnyocytcsL Similaily, w could 
not nzk out fusion as a pos^ie mcdianism of the obso^ 

Distorbances in the pacemaker functian or inqnibe propa^tion 
through the cardiac conduction system may result in severe biady- 
caidia, dicdlatory fiuhire and even death, and osoalty lequiie the 
implantation of o permanent decttomc paccBtakec, Qur proof-of- 
concept study $ugge$ts the u$e of exdfiable oefl gcafls as a bioEo^cal 
altemativie to impTawtflMft devices. We chose to Oansplant sponta- 
neously excitable caidiomyocyte cell dusters rather than sinslc caxdi- 
omyocytes because we hypotbcsued that because of sink-source 
nri?mairh<% isolated donor cells conneded simultaneously to a 
number of neigbbaring oellfi wiH not be able to depolarize these 
fpHj! to thre^old and capture the ventricle. 

The ability of hES-oell caidiomyocytes to generate stable sponta- 
neous pacemakipg activity was demonstzuDed at several levels^ Patch- 
damp studies of isolated cdb conftimed that they generate r«$»etiixve, 
^ontaooous ? ft* C'^-p*^ t**^ ^ and that this automatieity stems from 
a high-input zeastanoe Qaw IQr dmnnd density) coupled Yd& a 
prominent sodium cuncnt and the ptesence of the hypcipolaiizatkm- . 
activated current^. Continuous paoexnaking activity and stable con- 
duction properties vrae aho demonstrated at the multicellular level in 
vitro during lon^term recording of isolated embc^id bodies^ and 
in the coculmre experiments. Finally, studies in the complete atrio- 
ventricular blod^ modd also demonstrated the pacemaldng capadty of 
the hES-celi caidiomyocytes in viva 

Hie possible use of hfiS-ceU cardiomyocytes £or biological pact- 
making is fbither sbn^cncd by some of thdr unique ptopertiea. 
Besides the capability to sciieen the phenotyplc properties of the cdb 
ecvivD^ tibey could be genetically engineered to enhance their function. 
Moreover, the observatiDn that hES-cell cardiamyocytes possess func- 
itional tidrsaeiffc and choHnngic leceptoxs tfavt re^ond with appro- 
priate chronotropic ^Haftgwe to sped6c agonists both in vitrn^^ and 
m vivo suggests that a biological pacemaker could fonoion in a 
physiological, rate-iesponsive nwnner. 

The dinicd application of such an approacfat however> would 
reqotrt continuous fail-safe and iong-tefm fimction of the grafted 
pacemaldng ccOs; verification of wfaidi was beyond the scope of this 
study- We noted sustained ectopic activity in only half the animals, 
and these episodes were interspersed widi episodes of junctional 
escape rhythm. Tliese rhythm changes were probably due m simila- 
rities in the rates and therefore competition bcsweoi the two rhythms, 
but we could not rule out padng ^ure of the transplanted cells. It is 
also possible that eariy-stage embryonic mtyocytes would eventually 
mature into woddng ventricular myocytes and lose their propensity 
to spontaneous pacematdi^ In this lespext* one might be able to 
combine innovative p^** tl^rapy appraaches**^^ to biol^ical pacing 
with a cdl therapy strategy to create cell grafts with wefl-di^cterized, 
long-term pauniiaTriTig prupeities. 

Human ES-cell cazdionxyocytes may have advantages over other cdl 
candidates ^ cardiac repab, sodi as the availability of potentially 
unlimited numbers of caidfomyocytQ, the pos^itity of genoating 
Hiffrfttnt cardiomyocyte ceQ types» the relative ease of generic manip- 
ulation of these fipflu and •their in>ipnpnr structural and functional 



cBidiomyot^ properties^'. Neverdielessi several obstacles iiuist be 
overoome before this strategy can reach the clinic induding the 
gaieration of lai^ <)iiantities of pure cardioznyDcyte culture^ the 
prevention of immune tejectioo and the demonstratian that ^bc grafts 
survive, function and improve myocardial perfbnnance in di s eased 
hearts. A ma^ concem is the posable devdopment of E$ cdl-fdated 
tumors sndi as teratomask ^^lidi wcie not observed in the current 
study. Tb miniinigg thvi nsks cells gcafts must be free of undifiEer- 
enriated £S odk. 

In sumimr)!^ thiji report provides evidence that transplanted hES- 
cell cardiomyocytcs can integ;rate m Wtro and in vivo with host cardiac 
tissue. These results suggest die potential udlity of these cdls m 
serve as a bkilo^cal pacemaker and for cardiac legmcmrive medicine 
in general 



METHODS 

hBS cdl ^int*^*^ and gefMialioit of etdnynid ^^nttSr^ Hnmart undi&Kn- 
tiated £S cdls of die done H9.2^ VtCtt grown OD a mitOtScsIly inacthnitBd 
(mitomyciD C) nous? errbiyonic fibroblast feedo' fays' (MEF) as previously 
desmhed^^. Hk cdtiizc wm^Jnm y/Ml i sil Tf il of 20% FBS (I^rOanc). 80% 
kzKxlttiut DMEM sypplemcnted with 1 mM L-^utanmi^ 0.1 mM mefcapt^ 
etSund 1% wwff»Mmriiil aznmo adds (aD from life Tbduiolo^es)- lb 
indoee di£ferez3tttndn, h£S cdb were dispened to small cbmps cells) 
upng miTnp™^^ IV (1 Dogtad, Life "Rdinologtes). The cells woe dun 
trmsfened to pbscic dijhesat a czH density- of diout 5 xlO^ odk in a 
SS-mm dcsfa, ynbat ihey wen cultured in sospenson fiir 7—10 A. During tfaia 
$tQs the odk sfiKiCE&lEd to form adKyDid bodies whidi were then pkted on 
0Ll9t gektiiixoated evltwe didiea and observEd for the appearance of 
sponfrmmus contiBCtioos. Intact coniraciing areas widun the embr)TOd bodirs 
were then medtanicatty dissected using a pdled ^bss mkropipette for use in 

n^riw^Miry jAiJga. i^gx angle<dl actfon-poteotisU anatysifi^ die wfadfrcdl 
configuration of the patdi-damp teduutpie was luxd. Cdk wen; isctated fiioxn 
beatipg eidwyoid bodies by l-h djggrioa at 37 °C with onllagna^ B (I Pigftd» 
Rodie Mdecuhr BtodiemicaD* After dissodation» (db wexc icphoxd fiir 1—5 d 
on gehdn-coated glass cmcidip& The patxh. pipette soAution consisted of (in 
mM): 120 Ra 1 MeOa. 3 Mg-ATP. 10 KEPES. 10 EGIA. pH 7J. Tbebodi 
iccmding sbbnioa awasted of (in lUM): 140 NlO, 5.4 KCl, IS QClzi 
1 MgQi, 10 KEP^ 10 ^uossc, pH 7.4. Upon sod fonnatiotii and »fter 
potdi-bRat analog capacitance compeo w tkm was used. Smcs rrststsncc 
oQinpaisatiim was used up to 80%. Asjpatch 200^ Dipdatal322 and 
p fiampa (Axon) were v^ed for data amplificatiixi, acqnisidnii and analysis; 

GettbTAtion of pdmiry neoneMl r*C liiwi^iMnlay m^otyts ccdtmcs. Primary 
iDonolaTer oifcn^ of nrmfwial lai (Spr^gue-'DaMley) ventncukr myocytes 
weic prepared as previoudy described^. BdeAy» 9fter emdon, the -vcnciidcs 
weie minced in Dulbecxo'a phosphate buffixed Saline (Bcdo^cal industries) 
azMl later tRatalwidiltDB(nBR). After centlifi^sliom the dispersed czHs woe 
attended In culture nvedinm (Hants Pio), 5?b &tal calf serum, 5% hocse 
senim, 100 U/ml pcnidllfai. lOO n^nfl str^tomydn <9ll fiom Tfin l ng i rnI 
iDdustrMs)> 1 mM CaOz and 50 mg^lOO nd bmmodeoxyiiiidine (^gnaa). 
DSspcncd cdk w«i:e dien cultured on gdntin-^iDated (0.1%) nnczodccUode 
dilmzc pblca or on ^ass OTvciaHpB ax a deasity of 1^ x 10^ celkM. 

HeUio p h yai oloi^cdimdmecfaaiikidwe M L tucut of dicly^ 
a mrdl-syiidixDnized aoivity Was establidied in the oeonaul rat ca^diomynTte 
Cultures, spotktaneoudy contracting areas widun the hmoan axdxxyoid bodia 
TOT mndmirteilTy dissected and added (o the cultures. The electrophymi T ogiral 
properties of the bTbrid cultmea wie rmnimrri using a micindcafode array 
(MEA.) data o#T2n^e;t;>in system (Mulri Cbannd SystefflS)^^. The MEA plates 
oooslstofa matrix of 60 titanium nxtnde-goid cnnisct (30 inn) dccirodcs wt^ 
snintodEctxDdcdisiBJDccaf 100 of 200 ^mallowmgsinioitaiieoas recording of 
the extCMellukr potaidak at a tnmplrns rate of 10 kHb AH ircmdingi woe 
made ai 37 °C and a pH of 7.^ 
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iotjI arri rotlfin Tim^ QAT) e^cK de t imJ c iMBs dcDaixdiicd hf the Hfnmg 
df the maiiffial iK^uive nrnrrnqV ddectltm (dV/dtQ^j^), This inftvimfiktii was 
rT»#Ti used &r the ^/entmdiui of color-coded adxvBtian mops by mtezpobcing 
the LAT value* b^ween the xudng MATLAB staxMbid twD-dimm- 

nooal pbttxx^ finxiimi (MATIAB The MstbWoiks). Medankdl COfi- 
tzadkms detected through a miirosaipc (AxiDvert Zeiss) tising a 
pbotodMe CUVlOffiG. EG&G). 

Ti«inw»inl*wrfwAg™?<** y- En tbc M vf£m studies iBuhxied enxhiyoid bodies or the 
^wi ilniF PQ wfw frrrd tn 4qfa parafiirTttaldehytie. In the in vfwo fitadio;. the hearts 
woe harvested* fiozen in Gquid lutiDgeQ and cirosectioned. ImmuQOStsiiuDg 
«as dooe ™mg nrtfy -h iiimrt Qutochondtid azitibodiSi aiiti-^CE43i Hilti<ardh> C 
tropooin I (aO 'fioni Chanksi^ and atiti- sarcomeric a- actinin flntihoriiia 
( SgfrtA) , SeeoDdicy antibodies w^ie BtC-amp^tcd ^uti-raLbblt IgG :uxl C^- 
coDjugmi 9iizI-iiiouse IgG (Oieaiioon) or Mong the TahrHng Kit 

(ModeculBr Probes). Nudd were coonteistBiiKd by To?[o3 (Molecular Probes). 
Confbcsl miaosaipy whs dtntt using a Nikon Edipse EfOQ mkrafioipc and 
Bio-K^ KadiBzux 2000 stedning system. 

Ei^^i^flniiint «f iftw^fe lamplete airlorenlTiculflr Mode mndd *i>d CCfl 

tittitfplaiAatkML Tbe studf izivolved 13 ^tudy pi^ (30-50 kg) and ? comxt4s^ 
AH gnrmwl oLpauii Hital piotoc^ yme approved hf the Ammal Use oDd Care 
Conunittee of the ibdmkm ]foc»hy of MedidiieL Anesthesia vn^ znamtHincd 
nftrr jnti^^atwn anil mfrhm i'?! w^HTarinn wrfi k^flnnH^ 1^ Vmaiar accem 
ivafi oblBiiiod using CUtdoHfd of the juguUr veins and carotid axtoia. A 7F 
eiectrophysiobgical catheter waa mtroduoed to the ligllt atrnun duongh the 
jngular vdSL The catfieter then navi^tcd to ^ His bimdle posiCiOD (die 
major dectikd cxmductioo poifawajr, ConneoiDg the atria with the vcnnidrs). 
Complete attioveonicubv blocl; was 

cadk>-l^Ei{ueiiqra]a^(usingaSOO>kHzRFeenentor ItFG-3C Bfidkmia in a 
Gonpciatuie control moidei 60 XIX After the paxzatiDn of complete atiiovcn- 
tn'fiiLir Klfirle^ innAm tw il a siii^ fhitmVT pwxtttakeT (ELA Medical) and 
poMtjoned its electrode at the rig^ vgntrkjihr aper to aBow vrntficiilar padog 
if tite jiinfTinTwl escape tate V*aA <S0 beatsAmn. 

r^jTi 4ttnpiiiHtBriftrt Through a left tboiacotomyi we injected the hES 
caxdianrjrDqrtes (40-150 oontrBctin^ cn]i»ryDLd bodies) at a fite in the poster- 
obterslwiDoftheleftTOitzide. AautmcwBs uscdtofnarkthccsBa locations 
nhdc ii^ccdotu were made. la each ammal» control injections osing chfacr 
mcdiinn or nomiryvscytE £S doivativcs xvoe made at a diSefent sfte in the 
antffkit valL Simihr gtaftiug e^ierimeats vising oonmyDqrtc cdl tiansplanca- 
don were done m the poGtrrtrfatctal wall In three control animals. Aft^ the 
the animals were treated by daily injections of cjrdosporin A 
f(10 mg/kg) and mcdi^Eodnsolaoc (2 m^fk^ to pftvem immune rejection. 
BodK^SUT&oe decUocardio^rapllic xmtdmg? were made dail^ to rhn rn c nTiw 
the rate and configuiatian of the ocape rhythm. Id thr ee ^nimak we also 
implanBed sufceutaneeusl/ an ia^lantable reconla' (Keveal Fhs, Med- 
tronic) that aHows mifffannns remrding of body^^suifice ECG&. / 

ElcctEDonaimmal mappii^ A nonfluoroscopk, cadieter^basedt electxoan^to- 
ffiical mapping tedmique (Carto» B^Qsal5e-W^jstEar) used to assess the 
dcdfOphyablogical acdvttion patbems of the difiieteiu ventncnlar zhjtfam& 
Vm STSteinp described in dctaa dscvrfiac^^, uses magnetic tedUMlogy to 
BocoratdLjr detect the location of a spedal locatable catheter while it is dqiloycd 
within the bcait. B)r sampGi^ the location of the catheter together ^tb the 
tocal electrogram lecvrded fiom its tip at a plaiality of otdocaidial iotcs, 
^f*sn\r^ thTTw- ^m&AiiiiMMil rfi>rftftaiMtomkal map* nf thfl eaidiac chambepcan 

be gcMrated. The LAT at each sampled site wa» dd^rriiiied aa the time imcrval 
between a &dndal poim on dte: body^stnftce EQG and the ste^est negative 
intzinsic deflection &om the unipolar recozdm^ Ihc UOs wore color coded 
(red being earliest activation ute and purple the latest) and supenmposed on 
the three-dSmensioDal geometty of the map. 

Ode to dircc wcdcs afitr cdl injection, animals were sub^cted to an 
addMopal electropbysiological study. D^ailed etectzoanatormcal mapping of 
tlK Idt voitride was done durrrig the appeaiatice of the new ectopk ventricular 
ffaytlui L In some """"^ we also mapped the j uiKtional escape rhythov After 
est^Uishnient of the ori^^ of the new ectopic rb^thm (ciiUcst activation site), 
wc navigated the catheter to a iteacby site (usually 2 cm away) and created a 



focal radio ^uenc)ral^ation(tanpcKatuce, 60 ''Onotpnt, 10-40 W) to allow 
■for pgtholo^ml coudatioiL 
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Insulin Production by Human Embryonic Stem Cells 

Suheir Aseady/ Gila Maor,^ Mlchal Amit,^ Joseph Itskovitz-Eldor/'^ Karl L* Skorcdd/'* 
and Maty Tzukerman^ 



Type 1 diabetes genezally results fk-om antoimmmie 
destnustian of pancreatic islet P-4!eIlfi, with consequeat 
ahwlote insulin defi^eucy and complete dependence on 
exogenous insulin treatment. The relative paucity of 
donattQUB for pancreas or islet allograft transplantation 
has prompted the search for alternative sonrces for 
P-cell replacement therapy. In the current stndy» we 
used phuipotent nndiffierentiated human emhryonic 
stem ChES) cells as a model system for lineage^edfic 
differentiation. Using h£S cells in both adherent and 
suspension cinltnre conditiansi we observed spontanea 
ons in vitro diiferentiation that indnded the generation 
of cells with characteristics of insnlln-producing P-c:ells. 
j>nTr^T i¥irthi fttrtnh <>Twt paI Staining foT ifiBiilin was observed 
in a surprisingly hi^ percentage of cells* Secretion of 
mgniin ioto the medium was observed in a differentia- 
tion-dependent manner and was associated with the 
appearance of other p-cell markers. These findings val- 
idate the hES cell model system as a potential basis for 
enrichment of human p-cells or their precursors, as a 
possible flitore source for cell replacement therapy In 
diabetes. Diabetes 50:1691-1697, 2001 



Approximate^ 5-10% of all diabetic individuals 
suffer from type 1 diab etes. Recent studies have 
emphasized the importance of strict g^ycemic 
control in order to reduce ophthalmologic, neu- 
rological, and renal complications of the disease (1). Yet, 
pancreatic cell and islet cell replacement is cuzrent^ con- 
sidered the only curative Hierapy. fcideed, this approach 
was recently shown to reverse ^omenilar lesions in pa- 
tients with diabetic nephropathy (2). The promise of this 
approach has recently been ftulher strengthened by a 
report of the use of an improved, less ha^rdous gluco- 
corticoid-&ee immunosuppresive re^men in islet allograft 
transplantation (3). However, the shortage of donations is 
a primary obstacle preventing this ther^eutic modality 
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bFGF, tiasic flbiobkat gEuwth factor. dNTP, deoxynbonudeobde; EB, 
embryoiid bo<^ EG^ embiyonlc germ; £5. embxyazuc stem; GK, ^oCOkinase; 
hES> human ES; hins, human insulin; IFFl, insoBn pnimoter £act)0]>lj MEF, 
mouse Mttbiyonlc fibroblast; neurogaaiirSi Oct4, oecamjer*liidiivg tjro- 
scriDtion ^^cUyrA; FDXI, panciGatic and di^enal homeobox gene-l; PCRr 
pobnnerase chain reartion; BT, reverse transcriptase. 



from becoming a practical $oIution. Thus> attention has 
focused on the use of alternative sources such as xeno- 
gEafte, which have other disadvantages, including the 
potential risk of undetermined zoonotic infections (4). It 
has also been reported that p-cell lines derived from 
rodents might provide an unlimited source for cell replace- 
ment therapy (5-7)- ^ addition to the problem inherent in 
xenobiotic souofces, such cell lines hacve been shown to 
display phenotypic instability, with loss of insulin bio^- 
thesis and regulated secretion while proliferating. Another 
more recency described approach involves extending the 
p-cell phenotype to other tissues using in vivo gene 
transfer (8,9), either by expressing the insulin gene or an 
insulin gene analogue under the control of a ghicose sen- 
sitive promoter or by ectopic expression of insulin pro- 
moter factor-1 CIPFl)-^ancreatic and duodenal homeobox 
gene-1 (PDXl) (10). 

The establishment of pluripotent human embryonic 
stem (hES) cells (11,12) and embxyonic germ (EG) cells 

(13) have introduced a new potential source for cell 
therapy in type 1 diabetic patients, especially in ligjit of 
recent successes in producing ^ucose-sensitive insulin- 
secreting cells ftom mouse embiyoidc stem (ES) cells 

(14) . hES cells grow as homogeneous and undif[ierentiated 
colonies when they are propag ated on a feeder layer of 
mouse embicyonic fibroblasts (MEFs) (11). As previously 
shown, they have a normal karyotype and eaqpress telom- 
erase and embiyonic cell-surface market. Removal from 
the MEF feeder layer is associated with dxS'ereniiaiion into 
derivatives of the three EG layers, as evident ftom terato- 
mas formed after subcutaneous iivjection in nude mice 
(11). Endodemial markers, but not insulin eapressdon, 
were reported in a previous general survey of different 
growth conditions and difTerentiotion markers in EG cells 

(15) . Using reverse transctiptaseiiolymerase chain reac- 
tion (RT-PCE) a^jplied to RNA extracted from differenti- 
ated hES cells, detection of a variety of differentiated cell 
markers^ including insulin, was reported (16). However, 
quantitative aspects, including elaboration of insulin into 
the medium and percentage of insulin^rodudng cells, 
were not determined. Such information is crucial to a&seffl 
the feasibility of using hES cells as a potential source for 
P-ceU replacement thers^y. These questions were ad- 
dressed in the current study, using the differentiation of 
the H9 line of hES cells as described by Thomson et aL 
(11), Using a variety of experimental approaches, we 
found abundant cells with P<ell features, most notably 
including insulin production and secretion. 
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FIG.l.DafltennitialicmcfliKS cxJlBinniBpettaa«n<ndtitre.il:5lwl9EB3 dayaafterremo^ 

collected every 3 days, fiaced in 1096 nevtral-boffeied fbnnalm, dcboFdratcd in sraduated ^Ocohol* and embedded in par&ffln, T3iep« J^\un. oectioxia 
were etcUned wttb hematoacyUii and eosin day d (H) and day 17 (C) after differentlalloB. Original ma^oificatidil 20x (4) and 40X (JB and C). 



RESEARCH DESIGN AN0 METHODS 
Tlssiie cidture, Laii^ stoclcs of pxtviaxy AIEFa iTEie pirqiaiEd as des^^ 
Robext9Qn (17) and stored in liquid nhrogeiu After Cddh thanv, ceDs were used 
far Only 3-5 passages. 

ThQ liES-H9 cella were maintained in the ondiSeioitiatcd state by Dropa- 
gation In culfcure on a feeder laeyer of MEF^ that had been mitoticaity 
inacttvated Xny Y-inTdiation with 36 Qj and {dated on gelatin^ooated sl3^wen 
ptatea Celb were gvoivn in knockout Dulbecco'3 jno^^^ Ea^'a medLum 
(Gibco, Grand lalaiid, NY) supplemented with 2096 senim replacement 
(GIbco), 1% nonessemial amino acids ((jabco), 0.1 mmol^ 2Tmercaptocthanol 
(Gibco), 1 ntmol/l ghitamine (Blotogjcal Ihdustrieg, Bet-Haemek, loaelX 4 
ngM human recombinant tiasic flhroblast growth factor (bPGF^ C^eproTech, 
Rocky Wli NJ)> Cultures were grown in 596 CQ3, 9596 hmnidity, and were 
rautinelty passaged eveiy 4-6 dayn after disaggregation with 0.196 colbgcnase 
IV CGibco>. 

In^Ctioil of dlffierentlattozi in hEQ cetla^ Metfioda for Ae induction of 
differadiatian in mouse ES cells were applied hCfCin for the Inducdoil Of tiBS 
diHierentiation (17,16). In brlet '^lO^ undifferentiated hES cells were disag- 
gre^ed and cultnred in suspen£3on in lOO-xnm bactocxal-grade peCti dishes 
(Gfteiner, Ftic3cenhausen, Gennany), which resulted in indncdon of ccrnchro- 
nona difiterentiation f^ ;B rTif rt**ri9Mirt by initial fbimatzon offitnall B^gtCi^flXiCS aitd 
foDowed by the aoQuislUon of the conflfiUT^on of embiyoid twdies (EBa) 
(190. Alternatively, hES colank9 were U^fk unpassaged undl oofifiuence C~10 
days) ^nd were replated on g^atinized six-well tiraue culture plates in the 
absence of a feeder layer. The cells fipontanoously diflierentiated to 9X1 array of 
cell phenotypes. The growth media used in diSerentiatjon are deacnbed 
above. 

Htstoloffical ana^yai^, EBa were collected at indicalfid intervals, washed 
three dmcs with lce<ald phosphat&4nilI^red sdUne. fixed ovetnlght in 1096 
neutml-bn^red formalin, dd^draled in ^adnated alcohol (70-10(M), and 
embedded In pareiBn. Fbr general histonunphology, d-pm sections were 
stained with hemato^rlzn/'eoarL 

TmTO-nTMthtat-jij-^iiamiptTy Depazafflnized &4mi aectiona were incubaxed for 90 
min at room temperetore with the primary antibody: po^ydonal guinea pig 
anttswine Insulin, 1:100 dQutlon CI>ako), followed by incubation with goat 
anti-rabbit biotinylated secondary antibody. Detection was accomplished 
using Btzeptsvidin-peiaiddase conjugate and anunoetlljd carbflzoto (or diami- 
nobenzidine tenahydrochloride) as a substzata (Histostain-SP Idt; ^ymed 
Lab)- Counteistaining was carried out with benvaloxyhjL Nommmnne Sdrum 
was used as a negath^e control, and normal human pancreas paraffin sectians 
were used as positive controlg. 

Morphometric atudlea. To estunote the relative percentage of cells that 
stained positive by inununohlsochemlstiy, morphometrlc measuremenits were 
conducted as previously descifbed (20). 

Insnlm detection asaay. Adherent cdls, MEFs, undilTertAtiaCcd h£S cells, 
and oelhs that had differentiated spontaneously zn vitru fox >20 days wCrC 
grown in six-well platp^ Cells were washed three tiroes with Beiuin-&ee 
medium containing 25 imnol/l gtuoose and incnbated in 3 ml of Berum-free 
medium for 2 h. For suspended EBs, expemnents were performed in 50-imn 
bactcrial^radc petri dishes A total of 60-70 EBs per dish were exposed for 
2 h CO 3 ral of serum-free medium containing either 6.5 or 26 mmol/1 glucose. 
Subsc<piently, conditioned mcdin were collected, and insulin levels were 
measured a ndcroparticlc enzyme immunoassay (aXSYM system InsuUn 
lot code B2D010; Abbott) thai detects human insulin vdlh no crossreactivaty 
to proinBulin or C-pepdde. 



RT-P CS. Total RNA was Isolated trom undifferentiated hES cells and from in 
vitro ffifferenliated hES ^11* growing as or as hi^^vdensiiy cultures at 
various stages of di&erentiatiorL 

cDNA was synthesized from 7 tutn) RNA using Moloney murine 
leukemia Tintf in* (Proxnega) In IX fansoiption buffer eontairvIng(X6 p,inoVI 
dligo crTpB^ (Gibco) and 400 junol/I deojiyribonuclfioddes (dNTPs). Alk^uots 
of cDNA were dibtBd IrB for IPFl/PDXl. nenrogenin 3 (N^), OCtaina> 
binding Oanscitpdon foctor (OcU), OIXJTl, and GU}T2 or 1:2 fbr insuUn- and 
isle&4peclflc ghlCOldnase (GK). Subsetiuent PGR was 03 (bUowa 2.6 |a1 cDNA 
(Ibr ffFl/PPXXr and Oct4) or 6 cDNA (for othere), 1 X PGR buffer, 
400 ^unol/l dNTPs, 100 ng of ea£di primer pair, and 1 U 7Ua polymerase. After 
initial hot start for & tnin, ainpliSation contnmed with 28 Q^des £or p-actln, 31 
cycies £ar 6LUT1, 40 cy des for GLXTTZ, 38 cTclea for GK^ 36 cydes for bisvdln, 
37 cjdss for OdtA, and 35 cydes for IFFyPt>Xl and Ngt^. Denaturation st^ 
w^ at 94*C for 1 min, annealing at 58, 52« 50, 67,62, 66, 62, and 60t2 for 1 min, 
respectirdty, and eatenaion was at 72!*C for 1 mln and a final po^ymersation 
for 10 mln. The amplified products were sefiarated on L6M agarose gels. Each 
PCfi was performed in duplicate and under linear condxtinn& Tlic forward and 
mvtiiHtj primer secpicnccs ased for determtnanon of human insulin QiIiB;), 
IFFT/PDXl. NgnS, and P-actin were as foHows: hins: d'-QCC TTT GTG AAC 
CAA GACCTG^', fi'-GTT GCA CTA GTT CTC CaG CTG-S' (261-bp ftagment); 
IPFl: S*-OCC ATG GAT GAA GTC TAG W, B'-GTC CTC CTC (HT TTT CCA 
03' (2ieS^ fragment); NgK^ 6'-CTG GAG GGT AGA AAG GAT GAC GCC 
5^ACG CGT GAA TGG GAT TAT GGG GTG GTM' (948^ fragment); 
and ^actin: B'-CaT CGT GGG COG CTC TAG CCA OS', 5'-CCG GCC AGC 
CAA GTC CAG GAC GG^' (60&^ fragment). The pnmer sequences used for 
determination of GUTTl, GLUT2, 6K, and Oet4 were as previously described 
C2i-23X ^ unplitled fragments being 3lO> 398, 380, and 320 bpsi respective^. 
Staliatieft. Results are expressed as means ± SE, and comparisons were 
conducted using the unpaired Students t test 

KE^HLTS 

The H9 line of hES cells was used. These cells grow as 
homogaaeous and xmdifferentiated colonies when they are 
propagated on a feeder layer of MEF^, Accordingly, spon- 
taneous in vitro difTerentiatlon of H9 cells was investigated 
after removal of cells from the MEF feeder layer using two 
different model systems. Cells grown under adherent 
conditions in tissue culture plates, in the absence of MEFs, 
displayed a pleiotropic pattern with numerous morpholo- 
gies, as previously described (24), In contrast, in vitro 
differentiation in suspension culture resulted in a more 
oonsistent pattern, with the formation of discrete EBs. 
One d^ after transfer to bacterial-grade petri dishes, cells 
^ed to adhere and formed small aggregates. After 3 days 
under these conditions, EBs acquired a simple structure 
with primitive endodermal layers surrounding inner cells 
(Pig. lA) and then continued to grow in size and developed 
a more cystic structure (400-700 in diameter). Subse- 
quent studies were carried out using immunohistochemis- 
try to determine the spatial and temporal pattern and to 
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FIG. 2. Insaliii-cvpRtwiatf veD« in EBal Iiumimohistocliemlatry wbs performed Ml jpwraffin SMtiflns as described in KE BF ^ ^Pf iiEfiiGN AND MBTDOOS, 
Ai NonMl hvman pancieBfl was used aa a posiizra control (40 x masnffloitionX .fi-D: £Ba at day 19 after differentlaiifui (origiiial magnifl cfttloii 
£B at Ifl days aftar diffcE^tiatimi (lOOx magnlflciOlon}* wbcre the plane of acctkui fih<nro ee1l9 In vrtncb tiie cytoplaamiti lo ca B T ^ t1 < m 
of staining fa svidont EBs at 19 days tvltli nontHiiavzie control aernm (lOx mA^difijcatioiiO. 



obtain an estimate of the rdative density of cells in 
suspension-cultured EBs ivith msulin'producing capabil- 
ity. Hematoxylin and eoain staining of paraffin-embedded 
sections was used to provide the overall histological 
morphology of EBs. Oiganization of EBs started as eady 
as day 3 after removal from MEFs and transfer to su^>en- 
sion culture, l^^th progressive days In suspension culture, 
more con^lex structures became evident, such as epithe- 
lial- or endotheiiai-iike cells lining hollow structures or 
cysts (Fig. LB and (7). 

After EE development, these cells were collected every 
3 days until day 19 for immunohistochemistiy nsixig anti- 
insulin antibody. Pancreatic islets were used as a positive 
control (Fig. 2A), and no staining was evident using non- 
immune serum (Tig, 2F)- Occasional ceils expressing in- 
sulin were evident as eai^ as 14 Of differentiation, with 
a progressive increase in number through day 19. Insulin- 
expressing cells were found either scattered throughout 
the EBs or oiganized into small clusters (F^. 2B-D), 
Higher magnification confirmed that immunohistochemi- 
cal staining was cytoplasmic, as expected (Tlg^ Among 
EBs, which stained positively for insulin (60-709^), an av- 
erage of 1-^ cells positively stained at maximum density. 
The remaining 30-40% of EBs were negative for insulin 
staining. 

To characterize these insulin-containing cells, which are 
interspersed among the mixed population of spontane- 
ously differentiating adherent hES, insulin elaborated into 
the medium was measured by en^me immunoassay in 
undifferentiated h£S, differentiated hES, and MEF cells. 
Growth medium contained serum replacement and 25 
mmol/1 glucose, which is essential for hES viability. Under 



each of the escperimental conditions tested, immunoreac- 
tive insulin concentration was measured at the end of a 2-h 
incubation period in 3 ml of serum-free medium in either 
six-well plates (adherent cells) or 5Cknm p^ dishes (EBs). 
In adherent cells, insignificant immunoieadive insulin could 
be detected in media harvested from undifferenti£ited hES 
(5.6 ± 0.6 M^UAnl, n = 6) (Fig. 3A), and none could be 
detected from a feeder layer without overlying hES. How- 
ever, in media harvested after 22 and 31 days of differen- 
tiation, insulin concentiations were as follows: 126.2 ± 
17.7 M.mnl (n - 12) and 315-9 it 47 p.U/ml (to = 7), re- 
spectively (Fig, 3A). Similarly, as shown in Fig. 3B, insulin 
release was sigmficantiy greater from 20- to 22-day EB$ 
(60-70 EBs per dish), as coivq[>ared with undifferentiated 
hES. No significant difference in insulin concentration 
was observed when incubations were carried out at a 
5.5-mmal/l ambient medium glucose concentration (158 ± 
16 ^.U/ral, n = 6) or at a 2&-mmol/l ambient medium 
glucose concentration (146.2 ± 22.1 \iJJ/ud, n = 6). 

The fbregoing results prompted us to examine the 
expression of other 3-ceU-«laied genes using RT-PCB 
analysis of total RNA extracted from undifferentiated and 
differentiated hES cells. As shown in Pig. 4, insulin mRNA 
was detected in differentiated cells but not in undifferen- 
tiated hES. In parallel, islet GK and GtOT2 genes were 
also identified after but not before differentiation. Similar 
results were obtained using either EBs ox high-density ad- 
herent culture conditions. On the other hand, the GLUTl 
isotype, a constitutive glucose transporter, was widely ex- 
pressed in all forms of hES, as well as in human fibroblasts. 
Expression of three transcription factois was examined. 
As expected, mRNA expression of Oct4, a marker of the 
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uhES dh£$(ia2) dhES<d3i) 
Glucose (xnmol/l) 25 25 25 



DhES EB(d20-22) EB(d20-22) 
25 5J 25 



TIQ, 8. Insnlia aecratioH at T«zioti» glueose concentntlDiis and growth «ondltU>n«. At Un diflfarmilS ttted IkES (nliBS) ee^wvxt ^ 
tauMioiit medim (« = 6) or were aHowed to difte^^ 1^*^* 
hES growiiiii raapesieSoiL 09 EBa caO-70 £&sper diah) for 20-33 d»79 = Cnltiiwfl were exposed ta 8 ml of senua-fi^ xoedliim fbr a h 
COntoSnlxig either SB or BJJ nunoVl ghico^ M indicated* The media were harvested after incnliatum, and 'n^i^^^'- l^'^grr^ ^^^'^^ff 
natng enzyme iimiuuuMSBHy ns described In ttBaEARCa DEfitfiN AM) MEIBODS. Date are means * SB. *P < OOOOl VB. wJiES; ^i* = 0.0004 v*. dtES-C22. 



pluripotent state (25,26), was detected in undifferentiated 
hES but decreased progressively during the subsequent 3 
weeks of differentiation CFlg- 4C3. We aiso demonstrated 
that differentiating hES cells e>cpress IPF1>PDX1 and Ngn3 
transciiptlon factors (Fig. 4C)] together they have been 
shown to contribute to the regulation of pancrealic and 
endocrine cell differentiation (27-30). 

DISCUSSION 

As has been shown during the past two decades, embry- 
onic development of the pancreas is the result of several 
distinct but interacting mechanisms involving growth Ac- 
tors, epithelial-mesynchymal inteicactions (31), and extrar 
ceDular matrix that eventually regulate the eacpr^sion of 
diverae transcription factors (27,32-33). However, the 
initial ^gnal in the cascade of events that eventuate in the 
conunitment of gut endoderm to develop into pancreatic 
tissue is still obscure. In our study, we provide evidence 
that a pathway for producing insulin-secreting cells with 
additional p-cell features is not an infrequent outcome in 
the course of spontaneoiis differentiation of hES ceUs in 
culture, under the conditions that we used. This observa^ 
liun is u i^fereauisite for expeiLnental stxa,tegies based on 
the enrichment of spontaneously appearing ^cellzs or llitdr 
precursors for cell replacement tiierapy. The ceBs de- 
scribed herein produce and secrete insulin and express 
two essential genes, GLUT2 and islel>specific GK, thai are 
believed to play an important role in p-oell function and 
glucose-stimulated insulin secretion (34--36). The possibil- 
ity that the insulin-staining cells are unrelated to p-cells 
and are of extraembryonic or otiier origin (37) is highly 
unlikely, in view of the other markers identified, including 
the temporal course of appearance of p-ceU developmen- 
tal markers, and in view of the secretion of fully processed 
insulin. 

Although we have not demonstrated glucose responsive- 
ness, we cannot conclude that the cells are glucose unre- 
sponsive. As long as p-cells are not in a homogeneous or 
enriched state, rather presenting among other cell types, 
we cannot isolate the effects of glucose from counterven- 
ing effects of other secretagogues. Furthermore, in the 



absence of homogeneous cell populations, comparisons 
based on di&rent experimental conditions are not readily 
quantified because of the heterogeneity among EEs and 
the difficulty in normalizing insulin respoiise to parameters 
such as protein or DNA content (38). The fine-tuning of 
insuhn secretion in response to ghicose requires cros&4alk 
between ac^aoent p-cells caused by functional heterogene- 
ity, and it has been shown that isolated P-cells function 
differently compared with ^-cells found in clusters or 
pseudoislets (39,40). Moreover, long-teem esqposure to 
hi^ glucose levels might affiect the Amotion of such 
insulin-produciiig cells and reduce their responsiveness to 
acute gilucose changes, as has been previously reported in 
other systems (38). Tt6s hi^-glucose medium is needed to 
maintain the viable growth of hES in culture, but this does 
not rule out the possibility that protocols allowing growth 
Of cells witli insulin-producing capability in media contain- 
ing lower ^ucose concentrations may restore glucose 
responsiveness. In any case, for treatment of diabetes vpith 
^cell grafts derived from differentiated hES, it will be 
necessary to demonstrate stimuhis^secretion coiq>ling af- 
ter obtaining enriched or homogeneous ^<iell cultures, as 
has been demonstrated for mouse I^-^erived p-celld (H). 

Recently, islet cells were successfully generated in vitro 
from pancieatic stem cells of huznans and adult mice 
(41,42). However, the rosuor practical limitation of this 
approach is the restricted munber of cells that can be 
cultivated from human pancreases. Hence, hES cells m^ 
represent a reasonable potential alternative- 

Nevertheless, before proceeding with additional efforts 
to establish this system as an alternative resource, several 
issues need to be clarified- For instance, in contrast to the 
results of in vitro differentiation of hES-1 and -2 lines 
reported by Reubinoff et al, (12), our H9 suspension culr 
tures did not induce prominent cell death and did result 
in ElB formation. This observation may indicate different 
characteristics of each hES-derived cell line. Currently 
used hES cells are not of clonal origin, desfpite their ho- 
mogenous appearance in the undifferentiated state, sug- 
gesting the need to examine the in vitro differentiation of 
each hES-derived cell line independeidly or the need to 
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uhES EB dhES NHF NC 
DiftefentiatiOfi(Days) 0 7 15 22 Iffl 10 30 

Insulin 



Pectin 




B 



p-actin 



261 bp 



380 bp 



508 bp 




UhES 



EB 



dhES NHF NC 



Differentiation (Days) Q 
Oct4 




p-actin 



508 bp 



FiG. 4. EzpressioiL of p-cell-relmted genes. Total ENA was extracted from imdiff ore adAtcd hES (uhES) ccJld, Crttm diflbrcntUted UES growing 
titber Afi EBft or tB hi^h^znsaty adherttit enltoMd (dftES) ftt variotid flta^es of differendatton, and ttom normi itmnait fltaroiaBBtB ^tHF). 
eDNA wod ayiithedii^ed fr«Di 7 total BNA and oligo dToximer, Ali4aots of cDNA were diluted 1:2 fo(r IhotiUp and igieMpeaflc 6K cxr l:fS fiir 
GLDTl, GLUTS, Oct4, NgnS, and IPFl/PDXl before PCB. p-ttcdn served as an internal standaxd. NC Indlcatea no cDNA. Far msnlm, &K, GLJJTZj 
iSJJJTlf OcUt NgnS, ITFl/FDXl, and p-aetin, 36, 38, 40, 31, 37, 35, 36, and ^6 CF«lee were appBed, respectlTBty, fOr msolin, and ^^Bctin (A); 
fk>r GUUTl, GI.17T2, and ^-actln C^); and Oct4, NgnS. IFF1/FD3C1, and Mctin (O- 



examine clonal hES cell lines with well-defined differenll- 
ated responses to growth iiactors (43). 

In terms of strategies for eniichiiig the population of 
insulin-secreting hES-derived cell lines for further charac- 
teiizaiion and study^ our results certainly indicate that the 
approach first described by Klug et aL (44) to enrich 
caidiomyocytes from mouse ES cells is potentially ^pli- 
cahle. In the case of p-cells, the insulin promoter fased to 
a downstream selection marker could serve as the relevant 
selection tooL Indeed, this strategy was recently extended 
to enrichment of p<ells firom mouse ES cells (14). Our 
findings indicate that even imder conditions of spontane- 
ous difierentiatLon firom nonclonal plunpotent cells, 
EBs are produced with a surprisingly hi^ representation 
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of cells with insulin-producing cs^adly, as compared with 
previous reports using mouse ES (6,14)^ Althou^ this 
E^peais to occur spontaneously, it sihould be noted that 
the differentiation mediimi was supplemented witli bFGF. 
Recently, Hart et aL (45) have suggested that FGF signal- 
ing may be involved in ^eU maturation, terminal differ- 
entiation, and post natal expansion- Tissue engineering 
estimates indicate that this is already a sufficient basis for 
enrichment protocols, based on the strategy described by 
Klug et aL (44). Certainly, additional protocols to enhance 
the starting number of ^ells in the mixed population of 
cells within the EBs can only improve the yield &om 
enrichment stzategies. Other limitine issues that may arise 
include possible senescence (46) of postdifferentiation 
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hES-cdi derivatives attributed to loss of telomera^e, as we 
have reported (24). 

In conclusion, our findings deariy indicate that the 
complex differentiation pattern of hES cells includes a 
subset of cdls that have many characteristics of p-cell 
function, including proinsulin and/or insulin production 
and insulin release, as well as the expression of other 
P-cell markers. Although not sujprising, in view of the 
capzdxy of cells to differentiate into multq)le di^E^rent 
cell t^es, this finding is a necessary prerequisite for 
therapeutic strategies based on cell enrichment &om hES 
cells as a source of cell replacement in type 1 diabetes. 
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